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Wholegrain foods vary in the extent of their grain processing, but most use re-
constituted wholegrain flour. Grain particle size can affect starch digestibility and therefore the 
glycaemic response. This thesis primarily examines whether grain particle size in wholegrain 
foods affects the postprandial glycaemic response, using a range of wholegrain foods produced 
under different food processing conditions.  
People with normal glucose tolerance (n=15 to 20) and type 2 diabetes (n=15 to 20) 
participated in a series of randomised crossover studies in which acute postprandial capillary 
blood glucose response was examined following ingestion of three wholegrain wheat products 
(wheat porridges, breads, and crackers). Each product provided 50 grams of available 
carbohydrate, and the products within each food category were matched for energy and 
macronutrient composition but differed in grain particle size. Wheat porridge products differed 
in both grain particle size (flour vs kibbled wheat) and starch gelatinisation (ungelatinised and 
gelatinised). The composition of the breads from least to most intact was: 100% roller-milled 
wheat flour, 100% stoneground wheat flour, 50% kibbled wheat + 50% roller-milled wheat 
flour, and 30% intact wheat + 30% kibbled wheat + 40% roller-milled wheat flour. The grain 
particle size of the crackers matched those of the least intact and most intact breads. The 
postprandial appetite response to each test food was assessed via a questionnaire using Visual 
Analogue Scales (VAS) given every fifteen minutes for the first hour and every half hour 
thereafter. The palatability of each food was assessed via a VAS questionnaire.  
Among people with type 2 diabetes, wholegrain foods comprising larger compared with 
smaller grain particle size generated a significantly lower blood glucose iAUC across all product 
categories. The mean difference in blood glucose iAUC between wheat porridges made from 
kibbled grain versus fine flour was: 187 mmol/min×L (95% CI: 54, 320), p=0.006 for gelatinised 
porridge and 237 mmol/min×L (95% CI: 143, 331), p=<0.001 for ungelatinised porridge. The 
bread including 30% intact kernels and 30% kibbled wheat generated a blood glucose iAUC 
significantly lower than all other breads with smaller grain particle size, and the stoneground 
flour bread generated a blood glucose iAUC significantly lower than the roller-milled flour bread 
(mean difference 137 mmol/min×L (95% CI: 21, 254), p=0.020). The cracker with 30% intact 
kernels and 30% kibbled wheat generated a significantly lower blood glucose iAUC than the 
100% flour cracker (mean difference 159 mmol/min×L (95%CI: 40, 278)), p=0.009).  
Among people with normal glucose tolerance, wholegrain crackers that included intact 
and kibbled grains generated a blood glucose iAUC that was 36% lower than crackers made 
from fine flour (95% CI: 15%, 52%), p=0.002. For wheat porridges, the effect of grain particle 
size on blood glucose iAUC was larger for gelatinised wheat porridges (mean difference 27 
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mmol/min×L (95% CI: -3, 57) than for ungelatinised wheat porridges (mean difference 0 
mmol/min×L (95% CI: -22, 23), p=0.981). There was no evidence of differences in blood glucose 
iAUC among the breads.  
Grain particle size did not significantly affect postprandial sensations of appetite for any 
of the test foods. For most food processing conditions, the inclusion of intact or kibbled grains in 
wholegrain foods did not reduce palatability scores. Older participants with type 2 diabetes 
rated the palatability of the test meals quite differently to the younger normoglycaemic 
participants. Among older participants the bread including intact and kibbled grain was 
considered more palatable than the other breads. However, the inclusion of intact grains 
reduced the palatability scores for crackers among younger normoglycaemic people and for 
ungelatinised wheat porridge among older people with type 2 diabetes.  
In a separate randomised crossover study including people with known risk factors for 
type 2 diabetes (age 55 – 75, BMI ≥28 kg/m2, and physically inactive), the postprandial capillary 
blood glucose and venous insulin responses to three wholegrain breads were tested: (1) fine 
roller-milled flour, (2) fine stoneground flour, and (3) coarse stoneground flour. Each bread 
provided 50 grams available carbohydrate and was matched for energy and macronutrients. 
Flour particle size did not significantly affect either blood glucose or insulin iAUC.  
The findings in people with type 2 diabetes confirm and extend previous evidence 
demonstrating the extent to which wholegrain foods including cracked and intact grains or 
coarsely milled flour generate lower postprandial responses compared with extensively milled 
wholegrains. This applies to breads, low moisture products such as crackers, and wheat 
porridges. The studies involving wheat porridges demonstrate the potential importance of 
considering other aspects of food processing, such as gelatinisation, in addition to particle size. 
The extent to which the product is gelatinised also has a striking effect on glycaemic response. 
Amongst normoglycaemic individuals, the effect of increasing particle size on lower glycaemic 
response was only apparent in crackers, as well as the effect of gelatinisation on higher 
glycaemic response in the preparation of wheat porridge. Given the high prevalence of 
prediabetes and the increasing prevalence of type 2 diabetes, these findings support more 
nuanced nutrition recommendations relating to the consumption of wholegrain foods than 
currently provided. In addition to advising people to choose wholegrain carbohydrate foods, 
advice should also include guidance for consuming wholegrain products with more intact grain 




This thesis has been prepared in fulfilment of the requirements for the degree of Doctor 
of Philosophy in the human Nutrition Department and the Food Science Department at the 
University of Otago. My thesis supervisors were Dr Lisa Te Morenga, Professor Jim Mann, Dr 
Tracy Perry, Professor Indrawati Oey, and Dr Jill Haszard.  
This research presented in this thesis primarily examines the effect of grain particle size 
of wholegrain foods on postprandial glycaemic response among people with normal glucose 
tolerance, people with type 2 diabetes, and people with risk factors for type 2 diabetes. 
Secondary research questions examine the effect of grain particle size of wholegrain foods on 
postprandial insulinaemia, sensations of palatability and postprandial appetite.  
Chapter 1 provides a brief introduction to the thesis. Chapter 2 is a review of the 
previous literature on the effect of wholegrain particle size on glycaemic and insulinaemic 
response.  
Chapter 3 and Chapter 4 include the introduction, methods, results, and discussion for 
two randomised crossover studies conducted simultaneously to explore the effect of grain 
particle size on postprandial glycaemia. Each of these studies includes three trials to assess the 
effect of grain particle size under various food processing conditions. Chapter 3 describes the 
trials among participants with normoglycaemia and Chapter 4 describes the trials among 
participants with type 2 diabetes.  
These studies were originally conceived and designed by Dr Lisa Te Morenga, Professor 
Jim Mann, Professor Indrawati Oey, and Pat Silcock. Funding was from Riddet Centre of 
Research Excellence, the Baking Industry Research Trust, and the Flour Millers Research Trust. I 
was the overall Study Coordinator for Trials 2 and 3. Pat Silcock, Dr Graham Eyres, and 
Professor Indrawati Oey were responsible for the development of the wholegrain foods. Nerida 
Downes and Alex Nichole prepared the wheat porridges and crackers, and the breads were 
prepared by Goodman Fielder. Nerida Downes completed the particle size analysis. Nutrient 
analysis of the test foods was done by Gribbles Ltd. Dr Tracy Perry was the main advisor on the 
methodology for the glycaemic testing protocol. I contributed to planning the studies, 
contributed to the ethics application, and contributed to writing the study documents. I actively 
recruited approximately fifteen participants. I conducted a substantial number of screening 
visits. I completed data collection at the morning clinics, alongside Caleb Robinson, Mona 
Elbalshy, and Dr Andrew Reynolds. This included preparation of the pre-made test foods and 
measurement of the postprandial glycemic response according to the Glycaemic Index testing 
protocol and data entry.  My role as study coordinator also included communicating with and 
coordinating participant visits, recruiting new participants when needed, managing the 
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morning clinics, training research assistants, managing inventory and ordering materials, 
ensuring adherence to study protocols, data collection, and data entry.  
One of the trials described in Chapter 4 is published in Diabetes Care, and another of the 
trials described in Chapter 4 is in press for publication in Diabetologia.  
Reynolds N, Mann J, Elbalshy M, Mete E, Robinson C, Oey I, Silcock P, Downes N, Perry T, Te 
Morenga L. Wholegrain particle size influences postprandial glycemia in Type 2 Diabetes: A 
randomised crossover study comparing four wholegrain breads. Diabetes Care 2020; 43: 476 
– 479.  
 
Elbalshy M, Reynolds A, Mete E, Robinson C, Oey I, Silcock P, Haszard J, Perry T, Mann J, Te 
Morenga L. Heating and milling whole-wheat increases postprandial glycemia: randomized 
crossover study of adults with type 2 diabetes. Diabetologia 2021. Doi: doi: 10.1007/s00125-
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Mona Elbalshy wrote a Master’s thesis on one of the trials from Trial 1 among people 
with type 2 diabetes.  
For all trials, including those published by Dr Andrew Reynolds and Mona Elbalshy, I 
conducted my own statistical analysis and data interpretation for this thesis. 
Chapter 6 is a review of the effect of wholegrain particle size on postprandial appetite 
and satiety (Part 1), and a secondary analysis of the studies described in Chapters 3 and 4 (Part 
2). It explores the effect of wholegrain particle size on palatability and postprandial sensations 
of appetite. I was responsible for adapting the palatability and satiety questionnaires and 
overseeing the data collection and contributed to data entry.  
Chapter 7 explores the effect of wholegrain flour particle size of wholegrain breads on 
the postprandial glycaemic and insulinaemic responses among people with known risk factors 
for type 2 diabetes. I designed the study with support from my supervisors. This research was 
funded by the Riddet Centre of Research Excellence. I sourced eight flour samples and 
conducted sieve analysis for grain particle size on each sample. I sourced a bread recipe from 
Goodman Fielder, made trial breads, and finalised the recipe. I made bread samples for nutrient 
analysis (conducted by Asure Quality Ltd), made all breads for the study, and portioned and 
froze the breads.  I created the study budget, wrote the study protocol, completed all stages of 
the ethics application including two amendments, registered the trial, and wrote all study 
documents. I arranged the space to conduct the study and trained a research assistant (Ella 
Duxfield). I completed a First Aid Certificate (NZQA Unit Standard 6401) as this was a 
requirement from the Ethics Committee. I completed all ordering of consumables and managed 
the study inventory. I recruited participants and conducted thirty-three screening visits. I 
managed the data collection for each morning clinic. Cannulation was done by Karin Onenga, 
and I took venous and capillary blood samples with assistance from Ella Duxfield. I oversaw 
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sample preparation (centrifuging blood and preparing plasma samples), with assistance from 
Ella Duxfield. Ashley Duncan analysed the HbA1C samples and I was completed all laboratory 
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research from this thesis as described below:  
Mete EM. Physiological effects of processed wholegrain foods in healthy adults. Presented at: Te 
Ropu Putaiao Postgraduate Postgraduate Symposium, Dunedin, New Zealand (8 August 2017) 
Physiological effects of processed wholegrain foods in healthy adults. Presented to: Bakers Industry 
Research Trust, Dunedin, New Zealand (17 Aug 2017) 
 
Mete EM. Physiological effects of processed wholegrain foods in healthy adults. Presented at: Riddet 
Institute Student Colloquium, Auckland, New Zealand (5 Nov 2017) 
 
Mete EM. Structure and particle size of grains in wholegrain food: effects on glycaemic response. 
Presented at: Department of Human Nutrition (PhD Seminar), University of Otago (11 April 2018)  
 
Mete EM. Structure and particle size of grains in wholegrain food: effects on glycaemic response. 
Presented at: Department of Food Science (Workshop Presentation), University of Otago (20 July 
2018)  
 
Mete E, Elbalshy M, Robinson C, Reynolds A, Silcock P, Oey I, Haszard J, Perry T, Mann J, Te Morenga 
L. Structure and particle size of grains in wholegrain foods: effects on acute glycaemic response 
among healthy adults. Poster presented at: Riddet Institute Conference, Wellington, New Zealand 
(12 – 14 July 2018) 
 
Mete EM. Visualise Your Thesis: 60-second automated audio-visual presentation. Physiological 
effects of processed wholegrain foods in healthy adults. Submitted 22 July 2019 for Riddet Institute 
Student Symposium.  
 
Mete E, Elbalshy M, Robinson C, Reynolds A, Silcock P, Oey I, Haszard J, Perry T, Mann J, Te Morenga 
L. Particle size of grains in wholegrain food and effects on postprandial glycaemic response among 
normal glucose tolerant adults: three randomised, controlled crossover studies. Poster presented at: 
Food Structures, Digestion and Health International Conference, Rotorua, New Zealand (1 – 3 
October 2019) 
 




My first thanks are to my supervisors: Dr Lisa Te Morenga, Professor Jim Mann, Dr Tracy 
Perry, Dr Jill Haszard, and Professor Indrawati Oey. I am deeply grateful for your support and 
guidance. Thank you for always making time for me, for having confidence in me, and for 
helping me navigate the many challenges of the past three years.  
The countless early morning clinics for data collections would not have been possible 
without the research team who I worked alongside during the first major study. Such a large 
project was only possible with your participation. I am especially grateful to Caleb Robinson for 
his support, advice, and friendship. 
Thank you to the research assistants for help with data collection and data entry: Gabi 
Perry, Raha Haddadian, Maggie Chua, Andrew Smith, and Ella Duxfield.  
Thanks to the many participants for volunteering in the studies and making this 
research possible.  
Thank you to the Department of Human Nutrition and the Department of Food Science, 
and the friends I have made along the way. I am grateful to the Riddet Centre of Research 
Excellence for providing my PhD scholarship, research funding, and the many student 
symposiums and learning opportunities.  
I am particularly thankful to my dear friend and fellow PhD candidate Stephanie Junior. 
Thank you for the study sessions, the coffee breaks, and for always being there for me.  
Most importantly, I would like to thank my wonderful partner John Bain. You have 
shown me endless love and support and I cannot imagine having done this without you.  
 
 viii 
Table of Contents 
Abstract .............................................................................................................................................................. ii 
Preface............................................................................................................................................................... iv 
Acknowledgements .......................................................................................................................................... vii 
Table of Contents ............................................................................................................................................ viii 
List of Tables ...................................................................................................................................................... xi 
List of Figures .................................................................................................................................................. xiv 
List of Abbreviations ......................................................................................................................................... xv 
1 INTRODUCTION .................................................................................................................................... 1 
2 LITERATURE REVIEW ............................................................................................................................. 3 
2.1 DEFINITIONS FOR ‘WHOLEGRAIN’ AND ‘WHOLEGRAIN FOOD’ ..................................................................................... 3 
2.2 PROCESSING OF WHOLEGRAINS........................................................................................................................... 6 
2.2.1 Stone-milling and roller-milling ........................................................................................................... 6 
2.2.2 Type of milling and flour structure and particle size ........................................................................... 6 
2.2.3 Consumption of un-milled grain .......................................................................................................... 8 
2.3 POSTPRANDIAL GLYCAEMIC AND INSULINAEMIC RESPONSES AND IMPLICATIONS FOR HEALTH ............................................ 9 
2.4 GRAIN PARTICLE SIZE, PROCESSING, AND ACUTE GLYCAEMIC AND INSULINAEMIC RESPONSES ........................................... 10 
2.4.1 In Vitro studies on grain particle size and digestion .......................................................................... 25 
2.4.2 A review of in vivo trials involving oats.............................................................................................. 25 
2.4.3 Trials among people with normal glucose tolerance ......................................................................... 26 
2.4.4 Trials among people with type 2 diabetes ......................................................................................... 28 
2.4.5 Interpretations of studies ................................................................................................................... 29 
2.4.6 Conclusion of glycaemic response trials ............................................................................................ 37 
3 THE EFFECT OF WHOLEGRAIN PARTICLE SIZE ON GLYCAEMIC RESPONSE AMONG PARTICIPANTS WITH 
NORMAL GLUCOSE TOLERANCE ................................................................................................................................. 38 
3.1 INTRODUCTION ............................................................................................................................................. 38 
3.2 METHODS.................................................................................................................................................... 39 
3.2.1 Study design and randomisation ....................................................................................................... 39 
3.2.2 Participants ........................................................................................................................................ 39 
3.2.3 Description of wholegrain wheat foods tested .................................................................................. 40 
3.2.4 Testing protocol ................................................................................................................................. 47 
3.2.5 Data entry and statistical analysis ..................................................................................................... 48 
3.3 RESULTS ...................................................................................................................................................... 50 
3.4 DISCUSSION ................................................................................................................................................. 58 
3.5 CONCLUSION ................................................................................................................................................ 61 
4 THE EFFECT OF WHOLEGRAIN PARTICLE SIZE ON GLYCAEMIC RESPONSE AMONG PEOPLE WITH TYPE 2 
DIABETES 62 
4.1 INTRODUCTION ............................................................................................................................................. 62 
4.2 METHODS.................................................................................................................................................... 63 
 ix 
4.2.1 Study design and randomisation ....................................................................................................... 63 
4.2.2 Participants ........................................................................................................................................ 63 
4.2.3 Description of wholegrain wheat foods tested .................................................................................. 64 
4.2.4 Testing protocol ................................................................................................................................. 64 
4.2.5 Data entry and statistical analysis ..................................................................................................... 64 
4.3 RESULTS ...................................................................................................................................................... 66 
4.4 DISCUSSION ................................................................................................................................................. 75 
4.5 CONCLUSION ................................................................................................................................................ 78 
5 DOES DEGREE OF GLUCOSE INTOLERANCE AND THE FOOD PROCESSING METHOD MODERATE THE EFFECT 
OF GRAIN PARTICLE SIZE ON THE GLYCAEMIC RESPONSE? .......................................................................................... 79 
5.1.1 Effect of grain particle size in relation to degree of glucose intolerance .......................................... 79 
5.1.2 Is the effect of grain particle size moderated by the mode of food preparation? ............................. 84 
5.1.3 Does the distribution of various grain particles sizes affect glycaemic response? ............................ 87 
5.2 CONCLUSION ................................................................................................................................................ 91 
6 EFFECT OF WHOLEGRAIN PARTICLE SIZE ON PALATABILITY AND POSTPRANDIAL APPETITE ..................... 92 
PART A: REVIEW OF LITERATURE ................................................................................................................................... 93 
6.1 BACKGROUND .............................................................................................................................................. 93 
6.1.1 Definition of appetite and its importance .......................................................................................... 93 
6.1.2 Assessment of appetite ...................................................................................................................... 93 
6.1.3 Factors affecting appetite .................................................................................................................. 93 
6.1.4 Does food structure affect appetite? ............................................................................................... 102 
6.1.5 Conclusion ........................................................................................................................................ 104 
PART B: EFFECT OF WHOLEGRAIN PARTICLE SIZE ON APPETITE AND PALATABILITY (A SECONDARY ANALYSIS) .............................. 105 
6.2 INTRODUCTION ........................................................................................................................................... 105 
6.3 METHODS.................................................................................................................................................. 105 
6.3.1 Study design, participants, and randomisation ............................................................................... 105 
6.3.2 Description of wholegrain wheat foods tested ................................................................................ 106 
6.3.3 Testing protocol ............................................................................................................................... 106 
6.3.4 Assessment of appetite response .................................................................................................... 107 
6.3.5 Scoring of appetite and palatability questionnaires ........................................................................ 107 
6.3.6 Data entry, Data cleaning, and statistical analysis ......................................................................... 110 
6.4 RESULTS .................................................................................................................................................... 113 
6.4.1 Appetite............................................................................................................................................ 116 
6.4.2 Palatability ....................................................................................................................................... 120 
6.5 DISCUSSION ............................................................................................................................................... 129 
6.5.1 Appetite summary............................................................................................................................ 129 
6.5.2 Palatability summary ....................................................................................................................... 129 
6.5.3 Contrasting with previous research ................................................................................................. 130 
6.5.4 Strengths and limitations ................................................................................................................. 133 
6.6 CONCLUSIONS ............................................................................................................................................ 135 
 x 
7 EFFECT OF WHOLEGRAIN FLOUR PARTICLE SIZE ON GLYCAEMIC AND INSULINAEMIC RESPONSE AMONG 
PEOPLE WITH RISK FACTORS FOR TYPE 2 DIABETES .................................................................................................. 136 
7.1 INTRODUCTION ........................................................................................................................................... 136 
7.2 METHODS.................................................................................................................................................. 137 
7.2.1 Study design and randomisation ..................................................................................................... 137 
7.2.2 Participants ...................................................................................................................................... 137 
7.2.3 Description of wholegrain wheat breads tested .............................................................................. 138 
7.2.4 Testing protocol ............................................................................................................................... 141 
7.2.5 Data entry and statistical analysis ................................................................................................... 142 
7.3 RESULTS .................................................................................................................................................... 144 
7.4 DISCUSSION ............................................................................................................................................... 152 
7.4.1 Summary of findings ........................................................................................................................ 152 
7.4.2 Contrasting with previous research & interpretations of results .................................................... 152 
7.4.3 Why might differently sized flour particles be digested at different rates? .................................... 154 
7.4.4 Structural differences between stoneground and roller-milled flours ............................................. 156 
7.4.5 Variation in particle size among stoneground flours ....................................................................... 156 
7.4.6 Limitations and strengths ................................................................................................................ 157 
7.4.7 Future research ................................................................................................................................ 158 
7.5 CONCLUSION .............................................................................................................................................. 159 
8 CONCLUSIONS AND APPLICATIONS TO DIETARY RECOMMENDATIONS ................................................ 160 
8.1 OVERVIEW OF FINDINGS ................................................................................................................................ 160 
8.2 SHOULD DIETARY GUIDELINES BE AMENDED TO INCLUDE RECOMMENDATIONS ON GRAIN PARTICLE SIZE? ......................... 163 
8.2.1 Current recommendations on carbohydrate quality ....................................................................... 163 
8.2.2 Importance of dietary recommendations ........................................................................................ 163 
8.2.3 Practical considerations relating to dietary recommendations....................................................... 164 
8.3 WHAT FUTURE RESEARCH IS NEEDED? .............................................................................................................. 165 
8.4 CONCLUSION .............................................................................................................................................. 166 
REFERENCES ............................................................................................................................................. 168 
APPENDIX A: SUPPLEMENTARY TABLES ..................................................................................................... 177 
APPENDIX B: SUPPLEMENTARY MATERIAL FOR STUDIES DESCRIBED IN CHAPTERS 3 AND 4.......................... 196 




List of Tables 
TABLE 2.1: EXAMPLES OF THE VARIOUS DEFINITIONS FOR "WHOLEGRAINS" BY REGULATORY BODIES............................................. 4 
TABLE 2.2: EXAMPLES OF THE VARIOUS DEFINITIONS OF "WHOLEGRAIN FOOD" SUGGESTED BY VARIOUS STUDIES AND ORGANISATIONS
 ......................................................................................................................................................................... 5 
TABLE 2.3: RANDOMISED CROSSOVER STUDIES EXAMINING THE ACUTE GLYCAEMIC AND INSULINAEMIC RESPONSES TO CONSUMPTION 
OF WHOLEGRAIN FOODS WITH VARIOUS GRAIN PARTICLE SIZE AMONG ADULTS WITH NORMAL GLUCOSE TOLERANCE .............12 
TABLE 2.4: RANDOMISED CROSSOVER STUDIES EXAMINING THE GLYCAEMIC AND INSULINAEMIC RESPONSES TO CONSUMPTION OF 
WHOLEGRAIN FOODS WITH VARIOUS GRAIN PARTICLE SIZE AMONG PEOPLE WITH TYPE 2 DIABETES .....................................21 
TABLE 3.1: WHEAT PORRIDGE INGREDIENT FORMULATIONS PER SERVE (G) AND AS PERCENT DRY WEIGHT ...................................43 
TABLE 3.2: BREADS INGREDIENT FORMULATION AS GRAMS PER BATCH AND AS PERCENT OF TOTAL .............................................44 
TABLE 3.3: CRACKERS INGREDIENT FORMULATION PER BATCH (G) AND AS PERCENT DRY WEIGHT ...............................................45 
TABLE 3.4: NUTRIENT COMPOSITION OF WHEAT PORRIDGES, BREADS, AND CRACKERS .............................................................46 
TABLE 3.5: PROPORTION OF THE GRAIN BLEND THAT WAS RETAINED ON SIEVES OF DEFINED SIZE FOR WHEAT FLOURS, KIBBLED WHEAT, 
AND GRAIN BLENDS USED TO FORMULATE TEST MEALS ...............................................................................................47 
TABLE 3.6: PARTICIPANT CHARACTERISTICS OF PEOPLE WITH NORMAL GLUCOSE TOLERANCE FOR EACH CONSECUTIVE STUDY ..........50 
TABLE 3.7: MEAN IAUC VALUES (SD) (MMOL×MIN/L) FOR EACH TEST FOOD PREPARED UNDER DIFFERENT PROCESSING CONDITIONS 
AND GRAIN STRUCTURE AMONG PARTICIPANTS WITH NORMAL GLUCOSE TOLERANCE .......................................................56 
TABLE 3.8: STANDARDISED MEAN IAUC VALUES (MEAN, SD) FOR EACH TEST FOOD PREPARED UNDER DIFFERENT PROCESSING 
CONDITIONS AND GRAIN STRUCTURE AMONG PARTICIPANTS WITH NORMAL GLUCOSE TOLERANCE......................................57 
TABLE 4.1: PARTICIPANT CHARACTERISTICS OF PEOPLE WITH TYPE 2 DIABETES FOR EACH CONSECUTIVE STUDY .............................66 
TABLE 4.2: BLOOD GLUCOSE 180-MIN IAUC (MEAN, SD) FOR WHEAT PORRIDGES PREPARED UNDER DIFFERENT PROCESSING 
CONDITIONS AND GRAIN STRUCTURE (N=18) ...........................................................................................................71 
TABLE 4.3: BLOOD GLUCOSE STANDARDISED MEAN IAUC (SM-IAUC) (MEAN, SD) FOR WHEAT PORRIDGES PREPARED UNDER 
DIFFERENT PROCESSING CONDITIONS AND GRAIN STRUCTURE (N=18) ...........................................................................71 
TABLE 4.4: BLOOD GLUCOSE 180-MIN IAUC (MMOL×MIN/L) (MEAN, SD) FOR BREADS OF DIFFERING MEAN PARTICLE SIZE AMONG 
PARTICIPANTS WITH TYPE 2 DIABETES (N=15) ..........................................................................................................73 
TABLE 4.5: BLOOD GLUCOSE STANDARDISED MEAN IAUC (SM-IAUC) (MEAN, SD) FOR BREADS OF DIFFERENT MEAN PARTICLE SIZE 
AMONG PARTICIPANTS WITH TYPE 2 DIABETES (N=15) ..............................................................................................73 
TABLE 4.6: BLOOD GLUCOSE 180-MIN IAUC AND STANDARDISED MEAN IAUC (SM-IAUC) (MEAN, SD) FOR CRACKERS OF 
DIFFERENT MEAN PARTICLE SIZE AMONG PARTICIPANTS WITH TYPE 2 DIABETES (N=15)....................................................74 
TABLE 5.1: SM-IAUC (MEAN, SD) FOR EACH TEST FOOD FOR EACH PARTICIPANT GROUP (PEOPLE WITH NORMAL GLUCOSE 
TOLERANCE AND PEOPLE WITH TYPE 2 DIABETES) ......................................................................................................81 
TABLE 5.2: MEDIAN (25TH AND 75TH PERCENTILES) TIME TAKEN TO EAT FOR WHOLEGRAIN WHEAT FOODS VARYING IN GRAIN PARTICLE 
SIZE, AMONG PARTICIPANTS  WITH NORMAL GLUCOSE TOLERANCE AND WITH TYPE 2 DIABETES..........................................90 
TABLE 6.1: TERMINOLOGY USED TO DESCRIBE FEELINGS OF APPETITE AND SATIETY ..................................................................92 
TABLE 6.2: CROSSOVER STUDIES MEASURING SELF-REPORTED POSTPRANDIAL  SATIETY OR APPETITE RESPONSES  TO FOODS AND MEALS 
VARYING IN STRUCTURE AND PARTICLE SIZE ..............................................................................................................95 
 xii 
TABLE 6.3: APPETITE SCORE AUC (MEANS, SD) TO FOUR WHEAT PORRIDGES, DIFFERING IN STARCH GELATINISATION AND PARTICLE 
SIZE, AMONG NORMAL GLUCOSE TOLERANT PARTICIPANTS (N=16) ............................................................................118 
TABLE 6.4: APPETITE SCORE AUC (MEAN, SD) TO FOUR WHOLEGRAIN BREADS, DIFFERING IN GRAIN PARTICLE SIZE, AMONG NORMAL 
GLUCOSE TOLERANT PARTICIPANTS (N=13) ...........................................................................................................118 
TABLE 6.5: APPETITE RESPONSES (MEAN, SD) TO TWO WHOLEGRAIN CRACKERS, DIFFERING IN GRAIN PARTICLE SIZE, AMONG NORMAL 
GLUCOSE TOLERANT PARTICIPANTS (N=8) .............................................................................................................119 
TABLE 6.6: PERCEPTIONS OF VISUAL APPEAL, TASTE, TEXTURE, AND REPEATABILITY FOR EACH TEST FOOD ASSESSED VIA FOUR 
QUESTIONS ON A 100 MM VAS SCALE, AND AN OVERALL PALATABILITY SCORE (MEAN OF RESPONSES TO THE FOUR 
QUESTIONS), AMONG PEOPLE WITH NORMAL GLUCOSE TOLERANCE............................................................................121 
TABLE 6.7: PERCEPTIONS OF VISUAL APPEAL, TASTE, TEXTURE, AND REPEATABILITY FOR EACH TEST FOOD ASSESSED VIA FOUR 
QUESTIONS ON A 100 MM VAS SCALE, AND AN OVERALL PALATABILITY SCORE (MEAN OF RESPONSES TO THE FOUR 
QUESTIONS), AMONG PEOPLE WITH TYPE 2 DIABETES. .............................................................................................122 
TABLE 6.8: MEAN DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN WHOLEGRAIN WHEAT PORRIDGES DIFFERING IN GRAIN 
PARTICLE SIZE AND STARCH GELATINISATION AMONG PARTICIPANTS WITH NORMAL GLUCOSE TOLERANCE (N=20) ..............124 
TABLE 6.9: MEAN DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN WHEAT PORRIDGES DIFFERING IN GRAIN PARTICLE SIZE 
AND STARCH GELATINISATION AMONG PARTICIPANTS WITH TYPE 2 DIABETES (N=18) ....................................................124 
TABLE 6.10: MEAN DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN WHOLEGRAIN BREADS OF DIFFERING GRAIN PARTICLE 
SIZE AMONG PARTICIPANTS WITH NORMAL GLUCOSE TOLERANCE (N=17) ....................................................................126 
TABLE 6.11: MEAN DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN BREADS OF DIFFERING GRAIN PARTICLE SIZE AMONG 
PARTICIPANTS WITH TYPE 2 DIABETES (N=13) ........................................................................................................126 
TABLE 6.12: MEAN DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN CRACKERS OF DIFFERING GRAIN PARTICLE SIZE AMONG 
PARTICIPANTS WITH NORMAL GLUCOSE TOLERANCE (N=13) .....................................................................................127 
TABLE 6.13: MEAN DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN CRACKERS OF DIFFERING GRAIN PARTICLE SIZE AMONG 
PARTICIPANTS WITH TYPE 2 DIABETES (N=13) ........................................................................................................127 
TABLE 6.14: DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN PARTICIPANT GROUPS (NORMAL GLUCOSE TOLERANT AND 
PARTICIPANTS WITH TYPE 2 DIABETES), FOR EACH TEST FOOD CATEGORY AND FOR EACH TEST FOOD .................................128 
TABLE 7.1: INGREDIENTS OF BREADS MADE FROM FINE ROLLER-MILLED FLOUR, FINE STONEGROUND FLOUR, AND COARSE 
STONEGROUND FLOUR .......................................................................................................................................139 
TABLE 7.2: FLOUR PARTICLE SIZE DISTRIBUTION OF ROLLER-MILLED FLOUR, FINE STONEGROUND FLOUR, AND COARSE STONEGROUND 
FLOUR ............................................................................................................................................................140 
TABLE 7.3: NUTRIENT ANALYSIS OF BREADS MADE FROM ROLLER-MILLED FLOUR, FINE STONEGROUND FLOUR, AND COARSE 
STONEGROUND FLOUR .......................................................................................................................................141 
TABLE 7.4: PARTICIPANT CHARACTERISTICS....................................................................................................................145 
TABLE 7.5: BLOOD GLUCOSE 180-MIN IAUC FOR BREADS PREPARED WITH DIFFERING FLOUR MILLING METHOD AND  PARTICLE SIZE 
(N=23) ..........................................................................................................................................................147 
TABLE 7.6: INSULIN 150-MIN IAUC FOR BREADS PREPARED WITH DIFFERING FLOUR MILLING METHOD AND PARTICLE SIZE (N=22)147 
TABLE 7.7: SENSITIVITY ANALYSIS FOR BLOOD GLUCOSE 3-H IAUC FOR BREADS PREPARED WITH DIFFERING FLOUR MILLING METHOD 
AND  PARTICLE SIZE, IN WHICH ONLY PARTICIPANTS WITH NORMAL GLUCOSE TOLERANCE (N=15) ARE INCLUDED ................150 
 xiii 
TABLE 7.8: SENSITIVITY ANALYSIS FOR BLOOD GLUCOSE 3-H IAUC FOR BREADS PREPARED WITH DIFFERING FLOUR MILLING METHOD 
AND  PARTICLE SIZE, IN WHICH ONLY PARTICIPANTS WITH FEATURES OF GLUCOSE INTOLERANCE (N=8) ARE INCLUDED ..........150 
TABLE 7.9: SENSITIVITY ANALYSIS FOR INSULIN 150 MIN IAUC FOR BREADS PREPARED WITH DIFFERING FLOUR MILLING METHOD AND 
PARTICLE SIZE, IN WHICH ONLY PARTICIPANTS WITH NORMAL GLUCOSE TOLERANCE (N=14) ARE INCLUDED ........................151 
TABLE 7.10: SENSITIVITY ANALYSIS FOR INSULIN 150-MIN IAUC FOR BREADS PREPARED WITH DIFFERING FLOUR MILLING METHOD 




List of Figures 
FIGURE 3.1: PARTICIPANT FLOWCHART ...........................................................................................................................51 
FIGURE 3.2: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSE TO THE FOUR WHEAT PORRIDGES, EACH PROVIDING 50G AVAILABLE 
CARBOHYDRATE..................................................................................................................................................54 
FIGURE 3.3: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSE TO WHOLEGRAIN BREADS OF DIFFERENT GRAIN STRUCTURE 
COMPOSITION, EACH PROVIDING 50 G AVAILABLE CARBOHYDRATE.. .............................................................................54 
FIGURE 3.4: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSE TO WHOLEGRAIN CRACKERS OF DIFFERENT GRAIN STRUCTURE 
COMPOSITION, EACH PROVIDING 50 G AVAILABLE CARBOHYDRATE. ..............................................................................55 
FIGURE 4.1: PARTICIPANT FLOWCHART ...........................................................................................................................67 
FIGURE 4.2: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSE TO FOUR WHEAT PORRIDGES OF DIFFERENT GRAIN PARTICLE SIZE AND 
PROCESSING CONDITIONS, AND A GLUCOSE STANDARD...............................................................................................68 
FIGURE 4.3: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSE TO FOUR BREADS OF DIFFERENT GRAIN PARTICLE SIZE AND PROCESSING 
CONDITIONS, AND A GLUCOSE STANDARD. ...............................................................................................................68 
FIGURE 4.4: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSE TO TWO CRACKERS OF DIFFERENT GRAIN PARTICLE SIZE AND 
PROCESSING CONDITIONS, AND A GLUCOSE STANDARD...............................................................................................69 
FIGURE 5.1: SM-IAUC OF EACH TEST FOOD FOR EACH PARTICIPANT GROUP ..........................................................82 
FIGURE 6.1: TIMING OF APPETITE AND PALATABILITY QUESTIONNAIRES FOR EACH TEST DAY ....................................................107 
FIGURE 6.2: APPETITE QUESTIONNAIRE (NOT TO SCALE) ...................................................................................................108 
FIGURE 6.3: PALATABILITY QUESTIONNAIRE (NOT TO SCALE) .............................................................................................109 
FIGURE 6.4: PARTICIPANT FLOWCHART FOR THE GROUP OF  PARTICIPANTS WITH NORMAL GLUCOSE TOLERANCE ........................114 
FIGURE 6.5: PARTICIPANT FLOWCHART FOR THE GROUP OF PARTICIPANTS WITH TYPE 2 DIABETES ............................................115 
FIGURE 7.1: PARTICIPANT FLOWCHART .........................................................................................................................144 
FIGURE 7.2: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSES TO WHOLEGRAIN BREADS OF DIFFERENT MILLING METHOD AND GRAIN 
PARTICLE SIZE AMONG PARTICIPANTS WITH KNOWN RISK FACTORS FOR TYPE 2 DIABETES (N=23). ....................................148 
FIGURE 7.3: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSES TO WHOLEGRAIN BREADS OF DIFFERENT MILLING METHOD AND GRAIN 




List of Abbreviations 
 
Abbreviation Definition 
AUC Area under the curve 
BMI Body mass index 
h Hour 
HbA1c Glycated haemoglobin 
iAUC Incremental area under the 
curve 
IGT Impaired glucose tolerance 
IQR Interquartile range 
min Minute 
mmol Millimole 
NGT Normal glucose tolerant 
SD  Standard deviation 
SM-iAUC Standardised mean iAUC 
T2DM Type 2 diabetes mellitus 
µm   Micrometers 
y Year 
%CV Coefficient of variation  





It is well established that consumption of wholegrains is associated with reduced risk of 
several important noncommunicable diseases (1, 2). For this reason, consumption of 
wholegrain cereals is widely recommended in nutritional guidelines worldwide (3). However, 
the methods of processing grains into wholegrain foods may affect carbohydrate digestion and 
absorption, meaning that some wholegrain foods may have more health-promoting properties 
than others. Milling or grinding grains reduces the average particle size, which enhances starch 
availability and increases the rate of starch digestion (4-6). The application of water and heat 
during processing influences the extent of starch gelatinisation and starch availability (7-10), 
which therefore may influence the glycaemic response.  
It is important for people with type 2 diabetes to control postprandial glycaemia to 
prevent developing complications of diabetes (11). Amongst people without diabetes, diets 
characterised by lower compared with higher glycaemic index and glycaemic load are 
associated with reduced risk of developing type 2 diabetes (1, 11, 12) as well as stroke 
incidence and mortality (1). Furthermore, high postprandial glycaemia may put excess demand 
on the -cells of the pancreas (11, 13-15). 
Several controlled trials suggest that wholegrain particle size may influence 
postprandial glycaemia, and therefore be an important determinant of the health benefits of 
wholegrain foods (16-24). Although there are surprisingly few studies (five) that have examined 
the effect of grain particle size among participants with type 2 diabetes, they are consistent in 
their findings that the postprandial glycaemic response is significantly lower following 
consumption of wholegrain foods comprising larger compared with smaller grain particle size 
(16, 19-21, 23). However, there is less certainty regarding the role of grain particle size for 
normoglycaemic people. Only four of a total of thirteen comparable trials produced similar 
findings (17, 18, 22, 24), but of the twelve which also measured insulin, seven reported that 
postprandial insulinaemia was lower following consumption of wholegrain foods comprising 
larger compared with smaller grain particles (6, 18, 22-25). However, many of these were 
conducted among young adults (6, 18, 22, 26-28), and findings may be different among older 
adults or people reduced insulin sensitivity (29).  
An important yet unanswered question is whether the effect of grain particle size on 
glycaemic response is affected by other aspects of food processing. Food processing conditions, 
such as the extent of hydration and gelatinisation, may determine the extent to which grain 
particle size may impact glycaemic response. Foods containing gelatinised starch are more 
 2 
quickly digested and absorbed than similarly constituted foods containing ungelatinised starch 
(8). When grain particle size remains large enough to maintain cell wall structure, the 
opportunity for starch swelling due to gelatinisation is limited by the spatial constraints of the 
cell walls, and the intact cell wall provides an additional barrier to enzymatic degradation (10).  
 
The primary aims of this thesis are as follows:  
To determine the effect of grain particle size of wholegrain wheat foods on the 
postprandial glycaemic response under different food processing conditions, namely 
ungelatinised wheat porridge, gelatinised wheat porridge; and breads and crackers.  
To compare the effect of grain particle size of wholegrain foods among people with type 
2 diabetes and people with normal glucose tolerance, and people with known risk factors for 
type 2 diabetes.  
 
The secondary aims are to examine the effect of grain particle size of wholegrain foods 
on the postprandial sensations of appetite and whether the grain particle size of wholegrain 
foods affects palatability.  
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2 LITERATURE REVIEW 
 
2.1 DEFINITIONS FOR ‘WHOLEGRAIN’ AND ‘WHOLEGRAIN FOOD’ 
The definitions of a ‘wholegrain food’ are not entirely consistent (30), but since 2000 it 
has been widely accepted that the term ‘whole grain’ is the “intact, ground, cracked or flaked 
fruit of the grain whose principal components, the starchy endosperm, germ and bran, are 
present in the same relative proportions as they exist in the intact grain” (31-33). A wholegrain 
food may therefore include grains at any particle size. Many relatively new commercially 
available wholegrain foods are made with wholegrains that have been milled, separated, and 
recombined to the appropriate proportion of bran, germ and endosperm (34, 35), while little of 
the structural integrity of the wholegrain remains.  
While ‘wholegrain’ is well defined (TABLE 2.1) , ‘wholegrain food’ is not. Definitions for 
‘wholegrain food’ vary among regulatory bodies, institutions, and associations (30) (TABLE 2.2), 
and some definitions may include foods that do not have many health-promoting qualities. For 
example, the United States Food & Drug Administration state that a wholegrain food must 
contain ≥51% of wholegrain by weight (36) whereas the industry-supported Whole Grain 
Stamp “50+% Stamp” definition states that there must be at least 8 g wholegrains per stated 
serving size (37). Consequently more foods that meet the “50+% Stamp” requirements are high 
in added sugars and total energy, compared to foods meeting the requirements of other 
wholegrain definitions (35). TABLE 2.2 provides examples of the definitions for wholegrain foods 
decided upon by various studies, organisations, and countries.  
In New Zealand, the terms ‘wholegrain’ and ‘wholemeal’ are used interchangeably at the 
manufacturer’s discretion, which may confuse consumers. ‘Wholemeal’ foods are made 
specifically from milled wholegrains, but these foods may also be referred to as ‘wholegrain’ 
(38), Therefore, a ‘wholemeal’ food is also considered ‘wholegrain’, but not all ‘wholegrain’ 
foods would also be ‘wholemeal’.   
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TABLE 2.1: EXAMPLES OF THE VARIOUS DEFINITIONS FOR "WHOLEGRAINS" BY REGULATORY BODIES 





“Wholegrains shall consist of the intact, ground, cracked, or flaked 
caryopsis whose principal components, the starchy endosperm, 
germ, and bran, are present in the same relative proportions as 
they exist in the intact grain” 
Whole Grains 
Council (37) 
“Whole grains or foods made from them contain all the essential 
parts and naturally-occurring nutrients of the entire grain seed in 
their original proportions. If the grain has been processed (e.g., 
cracked, crushed, rolled, extruded, and/or cooked), the food 
product should deliver the same rich balance of nutrients that are 





WGs shall consist of the intact, ground, cracked, or flaked kernel 
after the removal of inedible parts, such as the hull and husk. The 
principal anatomical components, the starchy endosperm, germ, 
and bran, are present in the same relative proportions as they exist 
in the intact kernel. Small losses of components, (i.e., 2%) of the 
grain and 10% of the bran, that occur through processing methods 





“Wholegrain food is any food which uses every part of the grain 
including the outer layers, bran and germ. This definition applies 
even if these parts are separated during processing and regardless 
of whether the grain is in one piece or milled into smaller pieces.” 
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TABLE 2.2: EXAMPLES OF THE VARIOUS DEFINITIONS OF "WHOLEGRAIN FOOD" SUGGESTED BY VARIOUS STUDIES AND ORGANISATIONS 
Organisations, Studies, 
Countries 
Whole Grain Food definition 
Iowa Women’s Health Study, 
Framingham Heart Study, 
Nurses’ Health Study 
(39-41) 
For breakfast cereal products: ≥25% whole grain or bran by 
weight 
Healthgrain Forum (42) 
 
“A whole-grain food is one for which the product is made with 
≥30% whole-grain ingredients on a dry-weight basis and more 
whole-grain ingredients than refined-grain ingredients” 
Whole Grain Stamp 
(37) 
- The 100% stamp: all grain ingredients are all wholegrain, 
and there must be 16 g wholegrains per stated serving size.  
- The 50%+ stamp: at least half the grain ingredients are 
wholegrain, and there must be 8 g wholegrains per stated 
serving size 
- The basic stamp: the food must contain at least 8 g 
wholegrain per stated serving size, but there may be more 
refined grain than whole grain present.  
American Heart Association 
(43) 
A food made from wholegrains where the ratio of total 
carbohydrate to fibre is ≤ 10:1 
Whole Grain Roundtable (30) A food providing at least 8 g whole grains / 30 g serving 
United States Food & Drug 
Administration (36) 
Products with ≥51% of wholegrain by weight 
Food Standards Australia NZ 
(33) 
any food which uses every part of the grain including the outer 
layers, bran and germ 
Germanya For breads: 90% whole grain content for wheat and rye bread 
For pasta: 100% whole grain content for pasta 
Swedena 100% wholegrains present in flour, meals, and grains 
≥50% wholegrains present in crisp bread, porridges, and pasta 
≥25% wholegrains present in bread, sandwiches, and wraps 
≥15% wholegrains present in pizzas, pierogis, and savoury pies 
 
Denmarka 100% wholegrains present in flour, grains, and rice 
≥50% wholegrains present in bread (and ≥30% by weight) 
≥60% wholegrain present in crisp bread, breakfast cereal, and 
pasta 
a Sourced from the review paper by Slavin et al. (2013) (3) 
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2.2 PROCESSING OF WHOLEGRAINS 
2.2.1 Stone-milling and roller-milling 
Stone-milling and roller-milling are the most common modes of processing grain into 
flour, though roller-milling is the more popular choice (44). In stone milling, the grain is crushed 
between millstones to form flour directly, while roller-milling separates grain constituents into 
milling streams, and the bran and germ are recombined with the endosperm at the end of the 
process to make wholegrain flour. Wheat kernels are sheared open by a series of break rollers, 
where most of the bran and germ separates from the endosperm, and then a series of smooth, 
sizing, and reduction rollers scrape any remaining bran away and grind the endosperm into 
progressively smaller particles (44).  
Stone-milled flour is considered desirable by many consumers, since it is associated 
with being a more natural product (44). However, the default milling option for commercially 
available breads and baked products is roller-milling. It is more convenient for producing white 
flours and wheat bran, since mill streams are separated. Sensory qualities of breads made from 
roller milled flour are generally preferred; bread made with roller-milled flour has the 
predominant characteristics of sweetness and compactness; while bread made with 
stoneground flour has more crumb deformity, crust crispiness, and characteristics of saltiness 
and roasted cereal attributes (45).  
 
2.2.2 Type of milling and flour structure and particle size 
Stone-milled flour usually contains a higher proportion of flour with larger particle size 
compared to roller-milled flour (45, 46), and the bran and germ in the stoneground flour is 
attached to particles of endosperm, rather than completely separated (45). Kihlberg et al. 
(2004) compared the particle size distributions of stone-milled and roller-milled wholemeal 
flours (45). In roller-milled flour, 75% of particles in the roller-milled flours were under 250 
m, while approximately 20% of particles were >1120 m (representing large flakes of bran), 
and only a small fraction was represented in the middle-size range (250 – 1119 m). In contrast 
approximately half the volume of stone-milled wholegrain flour was under 250m, 
approximately a third was 250 – 399 m, and approximately 12% was 400 – 799 m. Another 
study demonstrated that the particle size distribution of a range of stone-milled flours was more 
uniform than roller-milled flours (47), so for stone-milled flour there were similar proportions 
of each of the particle size categories measured, whereas the roller-milled flour was 
characterised by the largest proportion of particles between 85 and 129 m.    
   
 
   
 
7 
2.2.2.1 Implications of grain particle size: damaged cell walls and damaged 
starch 
Some starch damage can be expected in any flour, and in fact a small amount is 
considered desirable for dough quality (48). Flour particle size is one of the factors determining 
the proportion of damaged starch (10, 46, 48). In the study by Korompokis et al. (2019) wheat 
was roller-milled to an average particle size of 855 m, and for particles of this size almost all 
cell walls were broken and 9.3% of starch was damaged (10). This is consistent with their 
finding that a wheat endosperm cell is on average 100 – 150 m. White wheat flour particles of 
<200 m in size have also been shown to have no undamaged endosperm cell walls remaining 
(49). In the study by Korompokis et al. (2019) wheat was also milled into fine and coarse farina 
(mean size 330±5 μm and 705 ± 5 μm, respectively), and at both sizes the farina contained 
clumps of cells with undamaged cell walls, but especially the coarse particles. The proportion of 
damaged starch was 4.3% for fine farina and 1.1% for coarse farina (10). Damaged starch is 
more susceptible to both water absorption and rapid enzymatic digestion, but even undamaged 
starch that is no longer protected by intact cell walls is more available to pancreatic amylase 
(10). Intact cell walls also limit starch gelatinisation by physically limiting the swelling capacity 
of starch. The cell walls also provide a physical barrier to prevent leaching of carbohydrates, 
and to reduce the rate of enzyme diffusion into the cell, therefore slowing the rate of starch 
digestion  (10). When there are clumps of multiple undamaged cells in the centre of large farina 
particles, starch swelling is more limited due to the spatial constraints, compared to when there 
are fewer undamaged cells present in smaller particles (10). Therefore, a large grain particle 
size may limit starch digestibility not only by providing physical barriers to starch digestion, but 
also by limiting the capacity for starch gelatinisation – and it is well known that gelatinised 
starch can be hydrolysed more quickly than ungelatinised starch in the presence of digestive 
enzymes  (8).  
Since reducing the particle size of flour increases the proportion of damaged starch (10, 
48), it follows that a stoneground flour with larger flour particle size can be expected to have 
less damaged starch than a finely milled roller milled flour. This has been observed in a study 
that compared roller-milled and stone-milled flours (45). Roller-milled flours from both 
organically and conventionally grown wheat had over 7% damaged starch, compared to 
approximately 3% for stone milling the same grains. In this case, over 40% of the stone milled 
flours was between 250 and 799 μm, compared to only about 4% of the roller-milled flours. 
Opposing results were found in a different study (50), where stone-milled flours had 16% and 
13% damaged starch for strong and weak wheat flours, respectively; versus 7% and 5% 
damaged starch in roller milled flour. One factor explaining this difference could be temperature 
differences between the two milling processes, which could differentially affect the rate of 
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starch damage. The stone mill used in this study generated heat to 90C, while the roller-mill 
reached only 35C. Unfortunately flour particle size was not reported, so while it is likely that 
the high heat contributed to the starch damage, it is not possible to know whether flour particle 
size was a factor.  
A high milling temperature has been implicated in causing starch damage in a study 
which compared two different stone-milled flours milled: a stone-mill which reached over 60C, 
and a water-mill with slower millstone rotation which reached 35C (51). Two different wheat 
varieties were milled, and for one genotype the starch damage was higher in the 60C mill 
(28%) compared to milling at 30C (21%), but for the other genotype there was no difference 
between milling conditions. Unfortunately the flour particle size was not reported, so if there 
was a difference in particle size between the two mills that contributed to the damaged starch 
fraction, this cannot be established. These values are among the  highest for damaged starch, 
compared to the other studies which have measured starch damage (3 – 7% (10); 7 – 15% 
(45)), but such large variation in damaged starch is not unreasonable. Factors including grain 
moisture content, the amount of space between millstones, and the grain feed rate in stone 
milling all influence starch damage resulting in variation in the proportion of damaged starch 
ranging from 6 – 27% (52). High heat during milling may also reduce the nutritional quality of 
flour due to protein denaturation and damage to unsaturated fatty acids, amino acids, and 
polyphenols (46, 50, 51). This is unrelated to potential implications for glycaemia, but it is clear 
that heat generation during milling should be minimised.  
These studies suggest that a stoneground flour that has optimal nutritional qualities 
should be produced under minimal heat, and the distance between the millstones should be 
larger rather than smaller to prevent starch damage (52) and to produce a coarser flour.  
 
2.2.3 Consumption of un-milled grain 
Consumption of un-milled grains, such as whole oats and whole brown rice, is relatively 
uncommon compared to milled grains (53). The 2008/09 New Zealand Adult Nutrition Survey 
found that bread was highest contributor to carbohydrate intake (17%) for New Zealand adults, 
compared to other categories of carbohydrate foods (54). While the survey did not collect data 
on whether grains were eaten whole or milled, the carbohydrate categories that are likely to 
have included intact grains (‘Grains and Pasta’; ‘Breakfast Cereals’) together contributed 
approximately 15% to the total carbohydrate intake. It is apparent that un-milled or minimally 
processed grains are not a prominent constituent of the New Zealand diet. However, largely 
intact wholegrain foods such as rice, oats, tabbouleh and quinoa do feature. SECTION 2.4 
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summarises studies that indicate the potential importance of consuming wholegrain foods 
comprised of intact or cracked grains.   
2.3 POSTPRANDIAL GLYCAEMIC AND INSULINAEMIC RESPONSES AND 
IMPLICATIONS FOR HEALTH  
One way to assess the potential health implications of carbohydrate food is to measure 
the effects the food has on concentrations of blood glucose and insulin during the postprandial 
period. Postprandial glycaemia is often presented as incremental area under the curve (iAUC), 
which describes the magnitude of the postprandial glycaemic response in a specified time 
period following meal consumption, but ignores any area below baseline (fasting blood glucose 
concentration (55). Another way to describe the capacity of a food to influence the postprandial 
glycaemic is Glycaemic Index (GI) (56), where the iAUC of a food is divided by the mean iAUC of 
a ‘reference food’ repeated three times (either white bread or a glucose-in-water solution), and 
multiplied by 100. Therefore, the GI is a single number that describes the glycaemic response of 
a food in question as a percentage of the chosen reference food. Since the GI is used to 
categorise single food items as either ‘low’, ‘medium’, or ‘high’ GI, but does not take into account 
the amount consumed, the glycaemic load (GL) is the GI multiplied by the available 
carbohydrate in the food portion (57) and it may also be used to calculate the glycaemic 
response to mixed meals when GI values of each constituent food is known. Studies discussed in 
this literature review use either GI or iAUC to describe the postprandial glycaemic response to 
the various foods. In these situations, the GI is not being used as a label to categorise the food as 
‘high’ or ‘low’ GI, but to facilitate comparisons among test foods. Similarly, the purpose of using 
the blood glucose iAUC is for the direct comparison of foods with each other. 
Among normal glucose tolerant individuals, blood glucose concentration in a fasted state 
is typically between 3.9 and 6.1 mmol/L, but within ten minutes after starting to consume a 
meal containing carbohydrates, the blood glucose concentration begins to increase as the 
carbohydrates are digested and absorbed (58). Peak blood glucose concentration occurs at 
approximately 60 minutes after meal initiation, typically reaching up to approximately 7.8 
mmol/L, and by 2 – 3 hours post-meal the blood glucose concentration returns to the pre-meal 
or fasted state (58). Minimising the postprandial glycaemic response is important for people 
with type 2 diabetes to reduce risk of cardiovascular disease and mortality (59), and because 
prolonged high blood glucose concentrations cause endothelial damage and increase the risk of 
developing other complications of diabetes (11). Healthy individuals can also benefit from 
choosing staple foods which minimise their postprandial glycaemic response: firstly, this helps 
minimise the demands on the beta-cells of the pancreas (11, 13-15), and secondly, prospective 
cohort studies collectively demonstrate that diets characterised by lower compared with higher 
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glycaemic index and glycaemic load diets are associated with reduced risk of developing type 2 
diabetes(1, 12), as well as stroke incidence and mortality (1).  
Insulin, secreted by beta-cells in the pancreas, facilitates the movement of glucose from 
the blood into the cells and also the synthesis of glycogen in the liver. The postprandial 
insulinaemic response is closely associated with the postprandial glycaemic response and in fact 
it may be an even more sensitive marker of the metabolic response among people with normal 
glucose tolerance (6, 60). The concentration of insulin required to transport glucose from the 
blood into the tissues is dependent on the individual’s insulin sensitivity. Compared to an 
insulin sensitive individual, an individual with insulin resistance will produce larger amounts of 
insulin in order to reduce the postprandial blood glucose response. This ‘compensatory 
insulinaemia’ places additional burden on the beta cells of the pancreas (13), which is one of the 
early changes in metabolic function that occurs prior to development of type 2 diabetes (14). 
Hyperinsulinaemia is associated with increased risk of coronary heart disease, cardiovascular 
disease and all-cause mortality (61, 62). A high incremental postprandial insulin response to 
meals, which reflects insulin resistance, is associated with higher blood pressure, higher 
triglycerides, and lower HDL cholesterol concentration, representing an increased risk factor for 
coronary heart disease (63). Dietary patterns that have the potential to increase 
hyperinsulinemia (using C-peptide concentration as a marker for insulin secretion) are 
associated with higher risk of all-cause, CVD, and cancer mortality (64), suggesting that 
habitually choosing foods which produce a lower rather than higher insulinaemic response may 
have beneficial effects on health outcomes.  
 
2.4 GRAIN PARTICLE SIZE, PROCESSING, AND ACUTE GLYCAEMIC AND 
INSULINAEMIC RESPONSES 
Reconstituted wholegrain foods retain qualities known to benefit health, such as having 
a higher total fibre content than refined grain products (1). However, the process of milling a 
grain into fine particles may affect the process of starch digestion. Several trials have measured 
the acute metabolic response to wholegrain foods varying in grain particle size (6, 16-28, 65, 
66). While the overall findings are not entirely consistent, there is evidence to suggest that 
wholegrain foods comprised of larger compared with smaller grain particles may result in a 
reduced digestion rate and reduced subsequent blood glucose and insulin responses, 
particularly among people with type 2 diabetes.  
In vitro studies show that larger compared to smaller grain particles are digested more 
slowly (5, 6, 8). More importantly, a number of crossover trials have investigated the effect of 
grain particle size on the acute metabolic response among people both with and without type 2 
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diabetes, and across a range of grain types (TABLE 2.3, TABLE 2.4). The following sections will 
summarise the evidence to date.  
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TABLE 2.3: RANDOMISED CROSSOVER STUDIES EXAMINING THE ACUTE GLYCAEMIC AND INSULINAEMIC RESPONSES TO CONSUMPTION OF WHOLEGRAIN FOODS WITH VARIOUS GRAIN PARTICLE SIZE AMONG 




Age (y), (SD) 
BMI (kg/m2), 
(SD) 
Outcome measures Methods Findings 
 





Mean age: 23 y  
 






response (measured from 
0 – 60 min and  from 0 – 




response (measured from 




Test meals were consumed after overnight fast and provided 75 g available 
carbohydrate per serve.  
 
Each participant had, in randomised order: 
(1) White rice ground 
(2) White rice unground 
(3) Brown rice ground 
(4) Brown rice unground 
 
Preparation 
Meals were cooked the day prior to the day that they were consumed. 




Blood glucose iAUC 0 – 60 min: 
ground white rice > unground white rice 
ground brown rice > unground brown rice 
 
Blood glucose iAUC 0 – 240: 
no significant differences between unground and ground rice, for 
both brown and white rice  
 
Insulin iAUC 0 – 60 min: 
ground white rice > unground white rice 
ground brown rice > unground brown rice 
 
Insulin iAUC 0 – 240 min:  
ground white rice > unground white rice 
ground brown rice > unground brown rice 
   
 









groups for each 
grain category) 
 
Mean age: 24.0 
y (wheat meals 
group); 21.9 y 
(oat meals 
group); and 22.2 
y (maize meals 
group  
 
Mean BMI: 21.9 
(SD 2.0) kg/m2 
(wheat meals 
group); 23.0 (SD 
1.9) kg/m2 (oat 
meals group); 





response (measured from 




response (measured from 
0 – 180 min) 
Test meals were consumed after an overnight fast (standardised for each 
participant) and provided 50 g available carbohydrate per serve.  
 
A group of 10 participants had, in randomised order:  
Wheat meals 
(1) Whole kernels 
(2) Cracked kernels (chopped into approx. 6 pieces) 
(3) Coarsely milled flour (15.6% <140 μm) 
(4) Finely milled flour (78.4% <140 μm) 
 
A group of 10 participants had, in randomised order: 
Oat meals 
(1) Whole groats (each groat approx. 17.6 mg) 
(2) Steamed, rolled oats (each groat approx. 6.7 mg) 
(3) Oat flour (70% <140 μm)  
 
A group of 10 participants had, in randomised order:  
Maize meals 
(1) Whole kernels 
(2) Cracked kernels (chopped into approx. 23 pieces) 
(3) Maize flour (57.8% <140 μm) 
 
Preparation 
Flour-based meals were baked into scones (using water, salt, baking 
powder, and aspartame). Cracked and whole kernel meals were covered 
with 300 mL water and baked at 180°C until cooked (4 – 5 h for whole 
grains and 2 – 3 h for cracked grains and rolled oats).  
Frozen test meals were thawed overnight and heated to 40 – 50°C prior to 
serving.  
WHEAT MEALS 
Blood glucose iAUC 0 – 180 min: 
- Whole kernels: mean 80.5 (SD 30.7) mmol/L·min 
- Cracked kernels: mean 86.3 (SD 56.3) mmol/L·min 
- Coarse flour: mean 108.2 (SD 9.0) mmol/L·min 
- Fine flour: mean 106.2 (SD 36.4) mmol/L·min 
- no significant differences between test foods 
Insulin iAUC 0 – 180 min: 
- Whole kernels: mean 1211 (SD 522) mU/L·min 
- Cracked kernels: mean 1403 (SD 844) mU/L·min 
- Coarse flour: mean 1718 (SD 506) mU/L·min 
- Fine flour: mean 2366 (SD 882) mU/L·min 
- fine flour bread > cooked whole kernels, cooked cracked grains, 
coarse flour bread 
- coarse flour  bread > cooked whole grains 
 
OAT MEALS 
Blood glucose iAUC 0 – 180 min: 
- Whole groats: 41.0 (SD 25.0) mmol/L·min 
- Steamed, rolled oats: 52.9 (SD 24.7) mmol/L·min 
- Oat flour: 71.6 (SD 47.4) mmol/L·min 
- no significant differences between test foods 
Insulin iAUC 0 – 180 min: 
- Whole groats: 1111 (SD 534) mU/L·min 
- Steamed, rolled oats: 1701 (SD 667) mU/L·min 
- Oat flour: 1323 (SD 576) mU/L·min 
- no significant differences between test foods 
 
MAIZE MEALS  
Blood glucose iAUC 0 – 180 min: 
- Whole kernels: mean 102.6 (SD 48.3) mmol/L·min 
- Cracked kernels: mean 81.4 (SD 32.9) mmol/L·min 
- Maize flour: mean 99.3 (SD 31.6) mmol/L·min 
- no significant differences between test foods 
Insulin iAUC 0 – 180 min: 
- Whole kernels: mean 1238 (SD 670) mU/L·min 
- Cracked kernels: mean 1461 (SD 768) mU/L·min 
- Maize flour: mean 2341 (SD 1451) mU/L·min 
- Maize flour > whole and cracked grains 
   
 






Age (y), (SD) 
BMI (kg/m2), 
(SD) 
Outcome measures Methods Findings 
 
Differences are statistically significant unless otherwise specified.  
O’Donnell, 
1989 (23) 





removed to cure 
ulcerative colitis) 
 
Age range: 30 – 
69 y 
 
BMI: non-obese  
Postprandial glycaemic 
response from 0 – 180 








Test meals were consumed after an 12-h overnight fast and provided 52.4 
g carbohydrate per serve.  
 
Each participant had, in randomised order, meals made with:  
(1) coarse wholegrain wheat flour (15 – 20% <140 μm and 40% >1000 μm) 
(2) fine wholegrain wheat flour (80% <140 μm and 0% >1000 μm) 
 
Preparation 
Flours were mixed with sodium bicarbonate, cream of tartar, and water 
and baked for 15 min at 210°C into sodabread scones. Meals were eaten 
alongside 21 g cheese, 8 g butter, 300 mL tea, and 50 mL milk.  
Blood glucose iAUC 0 – 180 min: 
- Fine wholegrain wheat flour: 141 (SD 81) mmol/L·min 
- Coarse wholegrain wheat flour: 93 (SD 51) mmol/L·min 
- Mean difference: 48 (95% CI: -9, 104) mmol/L·min (not 
significantly different) 
 
Insulin iAUC 0 – 180 min: 
- Fine wholegrain wheat flour: 3992 (SD 1326) mU/L·min 
- Coarse wholegrain wheat flour: 3095 (SD 684) mU/L·min 
 
- Mean difference: 898 (95% CI: 16, 1779)  







Age and BMI not 
stated 
GI (glycaemic index) and 
postprandial insulin 
response, from 0 – 120 
min 
Details on overnight fast and available carbohydrate were not stated.  
 
Each participant had, in randomised order, seven test breads. The relevant 
breads are:  
(1) 80% barley kernels and 20% white wheat flour bread, in which barley 
kernels were pre-boiled 
(2) 80% barley kernels and 20% white wheat flour bread, in which barley 
kernels were pre-scalded 
(3) 80% wholemeal barley flour and 20% white wheat flour bread 
 
GI was calculated by using a 100% white wheat flour bread for reference.  
Details on the individual glycaemic and insulin responses were not 
provided. 
 
“Metabolic response”: Both barley kernel breads < Barley flour 
bread (statistically significant) 
 
(Boiling vs scalding barley kernels prior to baking into breads did 
not affect the metabolic response).  
 
   
 






Age (y), (SD) 
BMI (kg/m2), 
(SD) 
Outcome measures Methods Findings 
 
Differences are statistically significant unless otherwise specified.  
Holt, 1994 
(18) 
n=10 males and 
females 
 
Mean age: 22 
(range 19.2 – 
27.5) y  
 
Mean BMI: 23.1 
(SD 0.5) kg/m2 
Postprandial glycaemic 
response, measured from 
0 – 120 minutes, taken 
from capillary blood 
 
Postprandial insulin 
response, measured from 
0 – 120 minutes 
  
Test meals were consumed after a 12-h overnight fast and provided 57.6 g 
available carbohydrate per serve.  
 
Each participant had, in randomised order, meals made with:   
(1) whole wheat kernels 
(2) cracked wheat kernels 
(3) coarse wholegrain wheat flour (where 56% was <125 μm) 
(4) fine wholegrain wheat flour (where 78% was <125 μm) 
 
Preparation: 
Flours were baked in to muffins with added water, baking powder, and 
cinnamon and baked at 213° for 15 min. Whole and cracked grains were 
covered in water and baked at 230°C for 20 min, then excess water was 
drained.  
Meals were prepared the night prior and reheated for 1 min in a 
microwave. 
Blood glucose iAUC 0 – 120 min: 
- Whole wheat kernels: 74 (SD 16) mmol/L·min 
- Cracked wheat kernels: 95 (SD 35) mmol/L·min 
- Coarse wholegrain wheat flour: 120 (SD 41) mmol/L·min 
- Fine wholegrain wheat flour: 155 (SD 57) mmol/L·min 
- Fine flour muffins > cooked cracked and whole wheat kernels 
- Coarse flour muffins > cooked whole wheat kernels 
 
Insulin iAUC 0 – 120 min: 
- Whole wheat kernels: 1524 (SD 601) mU/L·min 
- Cracked wheat kernels: 2307 (SD 866) mU/L·min 
- Coarse wholegrain wheat flour: 3121 (SD 882) mU/L·min 
- Fine wholegrain wheat flour: 4205 (SD 1426) mU/L·min 
- Fine flour muffins > coarse flour muffins, cooked cracked and 
whole wheat kernels 
- Coarse flour muffins > cooked whole wheat kernels 
 
A direct relationship was observed between all glucose and insulin 




n=9 males  
 
Mean age: 67.9 
(SD 1.4) y  
 
Mean BMI: 26.1 
(SD 1.8) kg/m2 
 
 
Glycaemic index (GI) 
(taken from both 1.5 and 
2 h periods), taken from 
both venous and capillary 
blood 
 
Insulinaemic index (II) 
(taken from both 1.5 and 
2 h periods) 
Test meals were consumed after an overnight fast and provided 50 g 
available carbohydrate.  
 
Each participant had, in randomised order, meals made with  
(1) Raw rolled oats 
(2) Boiled rolled oats (boiled for 3 minutes) 
(3) Boiled intact oats (boiled for 20 minutes) 
(4) Wheat kernel porridge (Boiled) 
(5) White wheat bread (to assess GI)  
 
Preparation 
Meals were adjusted with cheese and butter to match the protein and fat 
content. Tea and coffee were included in each meal.  
90-min iAUC’s for blood glucose and insulin were presented as 
they were similar to the 120-min iAUC’s.  
 
Capillary blood glucose iAUC 0 – 90 min 
- Boiled oat kernels: mean 133.2 (SD 72.9) mmol/L·min 
- Boiled rolled oats: mean 201.7 (SD 62.1) mmol/L·min 
- Boiled rolled oats > boiled oat kernels  
 
Note that when venous blood glucose iAUC’s were compared, 
there was no significant difference between rolled oats and oat 
kernels.  
 
Insulin iAUC 0 – 90 min: 
- Boiled oat kernels: mean 14.7 (SD 8.1) nmol/L·min 
- Boiled rolled oats: mean 18.7 (SD 10.8) nmol/L·min 
- No significant difference 
   
 






Age (y), (SD) 
BMI (kg/m2), 
(SD) 
Outcome measures Methods Findings 
 
Differences are statistically significant unless otherwise specified.  
Behall, 
1999 (65) 
n=26 men and 
women 
 
Mean age: 45.6 
(range 32 – 55) y 
for males; 40.5 
(31 – 52) y for 
females 
 
BMI: 25.9 (range 
22.2 – 34.4) 
kg/m2 for males; 
26.8 (range 19.6 
– 38.9) kg/m2 for 
females 
Postprandial glycaemic 
response, measured over 
180 min, taken from 
venous blood 
Test meals were consumed after a 10 – 12 h fast and provided 1 g 
carbohydrate per kg body weight.  
 
Each participant had, in randomised order, test foods:  
(1) conventional wholegrain wheat flour bread (100% <850 μm; 95% <425 
μm; 90% <250 μm; 80% <180 μm; 50% <150 μm) 
(2) ultrafine wholegrain wheat flour bread (100% <150 μm; 90% <73 μm, 
53% <42 μm, and 45% <37 μm) 
(3) white wheat flour bread 





Blood glucose iAUC 0 – 180 min:  
- conventional wholegrain wheat flour bread: 80.8 (SD 93.3)b 
mmol/L·min 
- ultra-fine wholegrain wheat flour bread: 75.2 (SD 93.3)b 
mmol/L·min 
- No significant difference 
 
Insulin iAUC 0 – 180 min:  
- conventional wholegrain wheat flour bread: 59.0 (SD 21.9)b 
nmol/L·min 
- ultra-fine wholegrain wheat flour bread: 54.2 (SD 21.9)b 
nmol/L·min 





n=13 men and 
women  
 
mean age: 25 
(range 22 – 35) y  
 
mean BMI: 22.8 
(range 17.7 – 
29.7) kg/m2 
Postprandial glycaemic 
response, measured over 
120 min, taken from 
capillary blood 
Test meals were consumed after an 8 h overnight fast and provided 50 g 
available carbohydrate.  
 
Each participant consumed four test breads in randomised order, but the 
relevant ones for particle size comparison are:  
(1) whole kernel (wheat) bread 
(2) wholegrain wheat flour bread 
 
Preparation 
The wholegrain flour bread was made with 80% wholegrain flour and 20% 
white wheat flour, water, and yest. The wheat kernel bread was made by 
boiling wheat kernels in water for 20 min, then cooling prior to mixing with 
white flour (proportion 80% wheat kernels 20% white flour), water, and 
yeast to form a dough.  
 
Test breads were consumed with 28 g white wine vinegar (breads were 
dipped in vinegar), and 200 mL drinking water. (The vinegar was included 
to answer an objective not relevant to the difference in grain particle size).  
 
Blood glucose iAUC 0 – 120 min:  
- whole kernel (wheat) bread: mean 135 (SD 47) mmol/L·min 
- wholegrain wheat flour bread: mean 110 (SD 36) mmol/L·min 
- No significant difference 
 
 
   
 






Age (y), (SD) 
BMI (kg/m2), 
(SD) 
Outcome measures Methods Findings 
 
Differences are statistically significant unless otherwise specified.  
Rosen, 
2011 (27) 
n=10 men and 
women 
 
Mean age: 26.0 
(SD 3.5) y  
 
Mean BMI:  
22.6 ( SD 1.3) 
kg/m2  
Glycaemic index (GI) 
calculated from 0 – 120 
min period, taken from 
capillary blood 
 
Insulin index (II) 
calculated form 0 – 120 
min period 
Test meals were consumed after a 10 h overnight fast. The rye flour bread 
provided 50 g available starch and the rye kernels provided 48.5 g 
available starch.  
 
Each participant consumed seven test meals in randomised order, but the 
relevant ones for particle size comparison are:  
 
(1) wholegrain rye flour bread 
(2) wholegrain rye kernels (boiled) 
 
Preparation: 
Wholegrain rye flour bread was made using coarse rye flour, water, yeast, 
and salt. It was baked for 45 minutes.  
Wholegrain rye kernels were boiled in salted water for 35 min (sufficient 
time for all water to be absorbed).  
 
Glycaemic index:  
- wholegrain rye flour bread: mean 79 (SD 44)% 
- wholegrain rye kernels (boiled): mean 73 (SD 25)% 
- no significant difference 
 
Insulin index:   
- wholegrain rye flour bread: mean 70 (SD 16)% 
- wholegrain rye kernels (boiled): mean 60 (SD 22)% 
- no significant difference 
 
Edwards, 
2015c  (49) 
n=9 participants 
with ileostomies 




or lower bowel 
cancer at least 1 
y prior to 
participation)   
 
Mean age 47.8 
(SD 18) y; (range 
20 – 76 y).  
 
Mean BMI: 23.9 
(SD 3.9) kg/m2 
Postprandial glycaemic 
response, taken from 





iAUC’s are calculated over 
0 – 120 min, but blood 
samples were taken 0 – 
240 min.  
 
Ileal output was also 
examined for identifying 
encapsulated starch. This 
was collected every 2 h 
for up to 10 h.  
 
Test meals were consumed after a 12-h overnight fast and provided 57.8 g 
available carbohydrate.  
 
Each participant consumed two test meals in randomised order:  
 
(1) Wheat porridge from coarse (>2 mm) particles 
(2) Wheat porridge from fine (<0.2 mm) particles 
 
Preparation: 
Wheat endosperm material was made from de-brannedc durum wheat.   
Wheat porridges were cooked in water and were flavoured with 17 g low-
sugar black currant jam and 61 g of jelly (low-calorie).  
 
Blood glucose iAUC 0 – 120 min:  
- coarse particle wheat porridge < fine particle wheat porridge 
(33% lower) 
 
Insulin iAUC 0 – 120 min:  
- coarse particle wheat porridge < fine particle wheat porridge 
(43% lower)  
 
Ileal output 
Structural integrity of starch was retained in ileal output for the 
coarse particle wheat porridge. Starch from the outer cells of 
particles had been digested, but remained undigested toward the 
core of the particles.  
   
 






Age (y), (SD) 
BMI (kg/m2), 
(SD) 
Outcome measures Methods Findings 
 
Differences are statistically significant unless otherwise specified.  
Eelderink, 
2017 (28) 
n=10 males  
 
Mean age: 24 
(SD 1.9) y 
 
Mean BMI: 22 
(SD 0.6) kg/m2 
Postprandial glycaemic 






Measured from 0 – 360 
min, but the glucose and 
insulin iAUC was taken 
from 0 – 2 h  
 
A bolus of glucose was 
infused via a venous 
cannula, followed by a 
small continuous infusion 
(0.07 mg/kg/min). Two 
hours following the initial 
glucose bolus infusion, the 
test meal was consumed. 
 
Test meals were consumed after an overnight fast and provided 50 g 
available carbohydrate.  
 
Test meals were consumed in randomised order:  
(1) Kernel bread (85% broken wheat kernels, 15% flour)  
(2) Wholegrain wheat flour bread  
 
Preparation 
For the wholegrain flour bread, white wheat flour was recombined with 
bran to match the fibre content to the kernel bread. Test meals were 
consumed with margarine and ham. For the 85% cracked wheat kernel 
bread, kernels were soaked overnight prior to mixing with the remainder 
of the dough ingredients.  
 
 
Blood glucose iAUC 0 – 120 min:  
- Kernel bread: mean 159.4 (SD 95.2) mmol/L·min 
- Wholegrain flour bread: mean 163.2 (SD 65.8) mmol/L·min 
- No significant difference 
 
Insulin iAUC 0 – 120 min: 
- Kernel bread: mean 2262 (SD 650) μU/mL·min 
- Wholegrain flour bread: mean 3291 (SD 1672) μU/mL·min 
- The p-value for the mean difference was 0.011d   
 
Insulin iAUC 0 – 360 min:  
- Kernel bread: mean 2708 (SD 926) μU/mL·min 
- Wholegrain flour bread: mean 4190 (SD 2962) μU/mL·min 







Mean age: 46 
(SD 6) y  
 
Mean BMI: 26.4 
(SD 1.7) kg/m2  
Postprandial glycaemic 
response measured from 




response measured from 
0 – 180 min 
Test meals were consumed after a 10+ h overnight fast and provided 30.9 
g available carbohydrate.  
 
Test meals were consumed in randomised order:  
(1) Porridge prepared from oat flakes 
(2) Porridge prepared from oat flour 
 
Meal preparation 
Skimmed milk, water, and margarine were heated. Oat flakes or flour was 
added, the mixture was brought the boil, sugar and salt were added, and 
the porridge was boiled for 1 minute. Porridge was held in an insulated 
container and held for 10 min prior to consumption.  
 
Blood glucose iAUC 0 – 180 min:  
- Oat flakes: mean 46.0 (SD 37.7) mmol/L·min 
- Oat flour: mean 65.9 (SD 21.4) mmol/L·min 
- whether or not the difference was significant was not reported 
 
Insulin iAUC 0 – 180 min: 
iAUC values not shown, but flour porridge > flake porridge for 
insulin response. Whether or not the difference was significant 
was not reported.  
   
 






Age (y), (SD) 
BMI (kg/m2), 
(SD) 
Outcome measures Methods Findings 
 
Differences are statistically significant unless otherwise specified.  
Wolever, 
2019 (24) 
n=30 males and 
females 
 
Mean age: 37 
(SD 13) y 
 
Mean BMI 24.9 
(SD 3) kg/m2 
Postprandial glycaemic 
response (2-h and 3-h 
iAUC and peak-rise), 
taken from capillary blood 
 
Postprandial insulin 
response (2- and 3-h iAUC 
and peak-rise) 
Test meals were consumed after a 10-12 h overnight fast and provided 23 
g available carbohydrates. 
 
Five test meals were consumed in randomised order, but the three 
relevant to grain particle size comparisonse are: 
(1) porridge from steel cut oats (non-rolled oats cut into thirds) (67) 
(2) porridge from old-fashioned oats (rolled to flatten) (67) 
(3) porridge from instant oats (rolled thinner than old-fashioned oats and 
cut finely) (67) 
 
Meal preparation:  
Meals were served with lactose free, fat free milk. Meals were “prepared 
according to package instructions”.f 
Participants could also have 1 – 2 cups of tea, coffee, or water if desired, 
matched across all meals.  
Blood glucose iAUC 0 – 120 min  
- Steel-cut oats: mean 68 (SD 33) mmol/L·min 
- Old-fashioned (rolled) oats: mean 93 (SD 55) mmol/L·min 
- Instant oats: mean 103 (SD 49) mmol/L·min 
- Steel-cut oats < Instant oatmeal 
 
Blood glucose iAUC 0 – 180 min  
- Steel-cut oats: mean 72 (SD 33) mmol/L·min 
- Old-fashioned (rolled) oats: mean 99 (SD 66) mmol/L·min 
- Instant oats: mean 107 (SD 49) mmol/L·min 
- No significant differences 
 
Insulin iAUC 0 – 120 min  
- Steel-cut oats: mean 168 (SD 126) pmol·h/L 
- Old-fashioned (rolled) oats: mean 196 (SD 175) pmol·h/L 
- Instant oats: mean 224 (SD 164) pmol·h/L 
- Steel-cut oats < Instant oatmeal 
 
Insulin iAUC 0 – 180 min  
- Steel-cut oats: mean 172 (SD 126) pmol·h/L 
- Old-fashioned (rolled) oats: mean 201 (SD 175) pmol·h/L 
- Instant oats: mean 228 (SD 170) pmol·h/L 
- Steel-cut oats < Instant oatmeal  
Data presented in several studies (6, 17, 18, 23-28) presented means and SEM (standard error of the mean) for blood glucose and / or insulin iAUC. The SEM’s were 
converted to SD (standard deviation) for this summary table as SD is the appropriate descriptor of the variability of the data (68).  
Age and BMI are presented as mean and SD; for two studies (6, 28) SEM was converted for SD. However, for three studies (18, 26, 69) the studies did not specify whether 
SD or SEM was used to describe age and BMI, so the mean and range is shown in this summary table instead.  
a Normoglycaemic people with ileostomies were recruited because the ileostomy contents were analysed for undigested starch.  
b  SD’s were estimated from an ANOVA model which requires variance to be equivalent. SD’s were estimated from the model, not the raw data, so they are identical for all 
test foods reported (65).  
c The study by Edwards et al. (2015) tested the effect of grain particle size of refined grain products (i.e. de-branned) (49).  
   
 
   
 
20 
d The study by Eelderink et al. (2017) applied a Benjamani-Hochberg correction to p-values to correct for multiple comparisons. Therefore they did not consider the p-value 
of 0.011 to be statistically significant. However, the 31% lower insulin response to wheat flour bread compared to kibbled wheat bread, accompanied by a p-value of 0.011, 
appears to indicate an important difference. Mean difference and 95% CI was not reported.  
e There was a ready-to-eat cereal (honey-nut cheerios) included in the comparisons by grain particle size, but the available carbohydrate, fibre, and protein was not 
matched with the oatmeals. Therefore, the glycaemia and insulinaemia findings for comparisons involving honey-nut cheerios cannot be attributed to grain particle size 
with certainty.  
f The study by Wolever et al. (2019) (24) described cooking methods as “according to the packet instructions”. These were: Steel cut oats should be boiled for 25 to 30 min 
in water or milk; old-fashioned oats should be boiled for 5 minutes in water or milk, and instant oats should be mixed with hot water or milk and left to stand for 2 minutes 
(70).   
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TABLE 2.4: RANDOMISED CROSSOVER STUDIES EXAMINING THE GLYCAEMIC AND INSULINAEMIC RESPONSES TO CONSUMPTION OF WHOLEGRAIN FOODS WITH VARIOUS GRAIN PARTICLE 





type 2 diabetes 
(n); age and BMI 
Relevant outcome 
measures 
Methods  Findings 
Differences are statistically significant unless otherwise specified 
Jenkins, 
1986 (20) 
n= 9 – 12 people 
with type 2 
diabetes and n= 5 
– 6 type 1 
diabetesa, drawn 






type 2 diabetes:  
Mean age 67 y  
Body weight: 
118% of ideal 
body weight 




type 1 diabetes:  
Mean age 50 y 
Body weight: 
107% of ideal 
body weight 
Mean HbA1c: 66 
mmol/mol 
Postprandial 
glycaemic response ( 0 
– 180 min), expressed 
as Glycaemic Index 
(GI), taken from 
capillary blood  
 
Note: blood glucose 
concentration was 
taken at baseline 
(fasting) and 
thereafter every 30 
min for 180 min.  
Test meals were consumed after a 12 – 14 h overnight fast and 
provided 50 g available carbohydrate 
 
Participants had, in randomised order:  
Wheat meals 
(1) wholemeal wheat flour bread (n=15) 
(2) bulgur wheat (n=17) 
(3) wheat kernels (n=17) 
 
Participants had, in randomised order:  
Rye meals 
(1) wholemeal rye bread (n=14) 
(2) pumpernickel (80% whole kernels and 20% flour) (n=14) 
(3) rye kernels (n=14) 
 
Each participant consumed a control (white) bread also on 3 
separate occasions, for GI calculation 
 
Preparation 
Bulgur (parboiled, dried, cracked wheat) was boiled in water for 20 
minutes. Wheat and rye kernels were pressure cooked for 30 
minutes. Meals were frozen until required, and thawed via 
microwave. Meals were given with tomato and the participants’ 
choice of tea or coffee with milk, (their choice was kept constant).  




- Wholemeal wheat flour bread: GI 96 (SD 19) 
- Bulgur wheat: GI 65 (SD 16) 
- Wheat kernels: GI 63 (SD 25)  
- Bulgur < wholemeal wheat bread 
- Wheat kernels  < wholemeal wheat bread  
 
RYE MEALS 
- Wholemeal rye bread: GI 89 (SD 22) 
- Pumpernickel: GI 78 (SD 11) 
- Rye kernels: GI 47 (SD 19)  
- Rye kernels < pumpernickel, rye bread 
  
   
 







type 2 diabetes 
(n); age and BMI 
Relevant outcome 
measures 
Methods  Findings 
Differences are statistically significant unless otherwise specified 
Jenkins, 
1988 (21) 
n=8 males and 
females with 








groups for each 
grain category, 




Mean age 64 (SD 
10) y  
 
Body weight: 
115% (SD 23%) of 
ideal body weight  
 
Postprandial 
glycaemic response (0 
– 180 min), expressed 
as Glycaemic Index 
(GI), taken from 
venous blood 
Test meals were consumed after an overnight fast and provided 50 
g available carbohydrate.  
 
A group of 8 participants had, in randomised order:  
Barley meals  
(1) 100% barley kernels 
(2) 75% barley kernels & 25% barley flour 
(3) 50% barley kernels and 50% barley flour 
(4) 100% barley flour 
 
A group of 8 participants had, in randomised order: 
Bulgur wheat meals 
(1) 100% bulgur 
(2) 75% bulgur & 25% wholemeal wheat flour 
(3) 50% bulgur & 50% wholemeal wheat flour 
(4) 100% wholemeal wheat flour 
 
Each participant consumed a control (white) bread also on 3 
separate occasions, for GI calculation.  
 
Preparation. 
The test foods containing flour were baked into breads while the 
100% kernels meals were eaten alone (not described as breads). 
The preparation methods of intact grains are not reportedb.  
 
All meals were taken with 2 cups of tea or coffee with 60 mL milk 
BARLEY MEALS 
- 100% barley kernels: GI 39 (SD 17) 
- 75% barley kernels & 25% barley flour bread: GI 39 (SD 18)  
- 50% barley kernels & 50% barley flour bread: GI 62 (SD 11) 
- 100% barley flour bread: 96 (SD 17)  
- 100% barley flour > 50% barley kernel, 75% barley kernel, and 100% 
barley kernel 
- 50% barley kernel > 75% barley kernel, 100% barley kernel 
 
BULGUR WHEAT MEALS 
- 100% bulgur wheat: GI 66 (SD 11) 
- 75% bulgur & 25% wholemeal wheat flour bread: GI 69 (SD 11) 
- 50% bulgur & 50% wholemeal wheat flour bread: GI 83 (SD 11) 
- 100% wholemeal wheat flour bread: GI 92 (SD 31) 
- 100% wholemeal flour > 75% bulgur, 100% bulgur  
- 50% bulgur > 100% bulgur 
 
For both barley and bulgur meals, GI was lower as the proportion of 
whole (intact) grains were higher (significant p for trend).  
 
   
 







type 2 diabetes 
(n); age and BMI 
Relevant outcome 
measures 
Methods  Findings 
Differences are statistically significant unless otherwise specified 
O’Donnell, 
1989 (23) 






Age range: 44 – 
68 y  
 
Mean BMI:  28.5 
(range 21.6 – 
36.9) kg/m2 
 
Mean HbA1c: 85 




from 0 – 180 min, 








Test meals were consumed after an 12-h overnight fast and 
provided 52.4 g carbohydrate per serve.  
 
Each participant had, in randomised order, meals made with:  
(1) coarse wholegrain wheat flour (10 – 15% <140 μm and 40% 
>1000 μm) 
(2) fine wholegrain wheat flour (80% <140 μm and 0% >1000 μm) 
 
Preparation 
Flours were mixed with sodium bicarbonate, cream of tartar, and 
water and baked for 15 min at 210°C into sodabread scones. Meals 
were eaten alongside 21 g cheese, 8 g butter, 300 mL tea, and 50 mL 
milk. 
Blood glucose iAUC 0 – 180 min: 
- Fine wholegrain wheat flour: 683 (SD 259) mmol/L·min 
- Coarse wholegrain wheat flour: 553 (SD 179) mmol/L·min 
- Mean difference: 130 (95% CI: 9, 152) mmol/L·min  
 
Insulin iAUC 0 – 180 min: 
- Fine wholegrain wheat flour: 4157 (SD 1771) mU/L·min 
- Coarse wholegrain wheat flour: 3397 (SD 1578) mU/L·min 
- Mean difference: 760 (95% CI: 364, 1155)  
- Fine flour scone > Coarse flour scone 
Järvi, 1999 
(19) 
n=20 males and 
females with 
type 2 diabetes 
and with BMI <27 
kg/m2  
 
Mean age: 65 y 
(range 56 – 76) 
(males); and 67 y 
(range 50 – 77) 
(females) 
 
Mean BMI 25.3 
(SD 2.7) kg/m2  
Blood glucose and 
plasma insulin iAUC  
 








Each participant completed two 24-d dietary interventions in 
randomised order:  
 
(1) Low GI: achieved mainly by including less structurally intact 
starchy foods 
(2) High GI: achieved mainly by including more structurally intact 
starchy foods 
 
Diets were matched for macronutrient composition and dietary 
fibre. All foods were pre-weighed and provided to participants.  
 
iAUC for blood glucose and plasma insulin were measured over a 
single 9-h day at the end of each intervention period, in accordance 
with the assigned diet, (3 meals and a snack were eaten over 9 h) 
Blood glucose iAUC 
Blood glucose 9-h iAUC was 31% lower for the low-GI diet profile day 
compared to the high-GI diet profile day (p<0.05) 
 
Insulin iAUC 
Insulin 9-h iAUC was 27% lower for the low-GI diet profile day 
compared to the high-GI diet profile day (p<0.01)  
 
   
 







type 2 diabetes 
(n); age and BMI 
Relevant outcome 
measures 
Methods  Findings 
Differences are statistically significant unless otherwise specified 
Aberg, 
2020 (16) 
n=31 males and 
females with 
type 2 diabetes  
 
Mean age: 63 (SD 
13) y 
 
Mean BMI: 32.4 
(SD 7) kg/m2 
 





measured across 2 wk 
via continuous glucose 
monitor 
 
Each participant completed two 2-wk dietary interventions in 
randomised order, with a washout period of 2 or more weeks 
between interventions:  
 
For the interventions, participants replaced their usual carbohydrate 
foods with the wholegrain foods provided:  
(1) Mostly intact whole grains (intact oats, brown rice, wholegrain 
bread made with coarse flour & kibbled wheat) 
(2) Finely milled whole grains (instant oats, brown rice pasta, 
wholegrain bread made with finely milled flour) 
  
Blood glucose iAUC’s following meals: 
Compared to the milled wholegrain intervention, postprandial 
responses to more intact wholegrains were 9% (95% CI: 3 – 15) lower 
after breakfasts and 6% (95% CI: 1 – 10) lower after all meals. Day 
long variability was lower in the intact wholegrains intervention.  
a The participants were described as ‘insulin-dependent diabetics’ and ‘noninsulin-dependent diabetics’, yet some of the ‘non-insulin-dependent diabetics’ were taking 
insulin. Therefore it appears that the participants are people with type 1 and type 2 diabetes.  
b The method of pre-processing of the grains prior to incorporation into a bread dough was not reported. However, it is likely that pre-processing (either soaking or boiling) 
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2.4.1 In Vitro studies on grain particle size and digestion 
Milling or grinding to reduce the average particle size of wholegrains enhances 
the availability of starches. Wheat porridge made from small particles of wheat (mean 
size 0.11 mm) underwent a greater extent of starch degradation and glucose release 
during simulated digestion, compared to large particles of wheat (mean size 1.95 mm) 
(5). Similar results have been shown for simulated gastrointestinal digestion of raw, 
baked, and moist-cooked lentils at varying particle sizes, where there was higher 
glucose release in the lentils with a fine compared with coarse particle size (71). In vitro 
analysis of commercially available breads in New Zealand showed that rye bread for 
which 65% of the grains were large particles (>1 mm) was digested more slowly 
compared to a homogenised version of the same bread, but for other breads which 
contained a smaller proportion (35%) of large (> 1 mm) particles, the rate of starch 
digestion did not differ between the bread and its homogenised version (4). 
 
2.4.2 A review of in vivo trials involving oats 
A systematic review of in vivo trials examined the effect of particle size on the 
glycaemic responses to wholegrain oat products (72). The review concluded that quick-
cooking oats and instant oatmeal generated significantly higher glycaemic responses 
than either larger-flake oat porridges or muesli and granola. Most of studies included in 
the review (93%) were among participants with normal glucose tolerance, while the 
remaining few trials were among participants with Type 1 or Type 2 diabetes. While the 
aim of this review was to examine whether milling and cooking of wholegrain oat 
products affected the glycaemic response, many studies did not report the cooking 
method. Furthermore, cooking methods were dependent on the oat particle size (i.e., 
instant oats were prepared by adding boiling water while flake oats were boiled for 
between one and 15 minutes or microwaved). Not all studies reported the particle size 
of oats, so this was inferred by assuming that oats cooked for 10 or more minutes were 
large-flake and oats cooked for five or fewer minutes were quick oats. Oat porridges 
were similar in composition to each other, but mueslis and granolas included added 
dried fruit, nuts, and sugar. Since there was high heterogeneity among the studies, 
specifically regarding food composition and processing method, it was not possible to 
disentangle the effect of grain particle size from the effect of processing or cooking 
method.   
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2.4.3 Trials among people with normal glucose tolerance 
A series of randomised controlled crossover studies have investigated the effect 
of wholegrain particle size on postprandial glycaemic and insulinaemic responses 
among normal glucose tolerant people (TABLE 2.3). These trials, conducted over the past 
40 years, span a variety of grain types, food processing conditions, and particle size 
comparisons. The most commonly investigated outcomes are postprandial blood 
glucose and insulin, but other outcomes include glucose kinetics, incretin, glucagon-like 
peptide-1, and cholecystokinin (28); and gastrointestinal hormones, rate of gastric 
emptying, and appetite (25). One study collected postprandial blood glucose and insulin 
concentration but reported only the combined postprandial ‘metabolic response’ (66), 
so it is not possible to determine which of these outcomes were significantly affected by 
grain particle size. This study will therefore not be included in the discussions of grain 
particle size and postprandial blood glucose and insulin. One study (6) presented the 
findings of three trials (involving wheat, oats, and maize) and therefore this study will 
be considered as three trials for the following discussion. In total, thirteen trials which 
have measured either or both of the postprandial blood glucose and insulin response to 
wholegrain foods of varying particle size among participants with normal glucose 
tolerance will be discussed. The trials are summarised in TABLE 2.3.  
2.4.3.1 Summary of findings: postprandial blood glucose 
Of thirteen trials which investigated the effect of grain particle size on 
postprandial blood glucose iAUC (6, 17, 18, 22-28, 65), only four reported a significant 
reduction in blood glucose iAUC following meals of wholegrains comprising larger, 
compared with smaller, particle size (17, 18, 22, 24). The study by O’Dea et al. (1980) 
found that the 60-min blood glucose iAUC response to the wholegrain ground rice was 
significantly higher than the mean response to wholegrain unground rice; however, the 
difference was no longer significant when comparing the 240-min iAUC’s (22). Holt et al. 
(1994) (18) found that the 120-min blood glucose iAUC to bread made with finely milled 
wholegrain wheat flour was 72% higher than the iAUC of boiled cracked wheat and over 
twice as high as the iAUC of boiled whole wheat kernels (TABLE 2.3). Furthermore, the 
blood glucose iAUC of bread made from coarsely milled flour was 62% higher than the 
iAUC of boiled whole wheat kernels (TABLE 2.3). Granfeldt et al. (1995) ((17) reported 
that the consumption of an oat kernel porridge boiled for 20 minutes generated a 34% 
lower capillary blood glucose response compared to porridge made from rolled oats 
boiled for three minutes, among nine males aged 65 – 70 years. Another study involving 
oats conducted by Wolever et al. (24) found that 120-min capillary blood glucose iAUC 
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to oatmeal made with steel-cut oats was 34% lower than for instant oatmeal, but there 
were no significant differences between the 180-min blood glucose iAUC’s.  
Nine of the thirteen trials did not detect significant differences in postprandial 
blood glucose iAUC relating to differences in grain particle size (6, 23, 25-28, 69). 
However, some of these studies did report non-significantly larger blood glucose iAUC’s 
in response to smaller, compared with larger, grain particle size, and it is possible that if 
the number of participants was greater, the chance of finding significant differences may 
have increased. For example, in the study by O’Donnell et al. (1989), the blood glucose 
iAUC to bread made with fine wholegrain flour was 52% higher than the iAUC to bread 
made with fine wholegrain flour (mean difference 48 mmol/L·min), but since the 95% 
confidence interval was (-9, 104), it would be imprudent to rule out the possibility that a 
real difference existed which could have become apparent if the sample size was larger 
than nine participants (23). In the study by Heaton et al. (1988) (6), the grain particle 
size of oats was inversely associated with the blood glucose iAUC (mean 71.6, 52.9, 41.0 
mmol/L·min for oat flour scones, cooked rolled oats, and cooked whole oats, 
respectively), although this was observational only (no p-for trend was reported) and 
the absolute magnitude of the iAUC’s were all reasonably small. Furthermore, the blood 
glucose iAUC of boiled cracked and whole wheat was 86.3 and 80.5 mmol/L·min, 
respectively, which was slightly lower than the blood glucose iAUC of fine and coarse 
wholegrain flour breads (106.2 and 108.2 mmol/L·min, respectively)(6). In the study by 
Mackie et al. (2017), the blood glucose iAUC response to flake porridge (66 
mmol/L·min) was slightly, but not significantly, higher than the blood glucose iAUC 
response to the oat flour porridge (46 mmol/L·min)(25).  Despite these observations, it 
is still important to acknowledge that many of the trials shown in TABLE 2.3 did not find 
that a larger grain particle size reduces the blood glucose iAUC compared to a smaller 
grain particle size among people with normal glucose tolerance (6, 26-28, 65).  
2.4.3.2 Summary of studies’ findings: postprandial insulin 
Among the thirteen trials which investigated the effect of wholegrain particle 
size on postprandial blood glucose iAUC among people with normal glucose tolerance 
(6, 17, 18, 22-28, 65), twelve also measured postprandial insulin iAUC (6, 17, 18, 22-25, 
27, 28, 65), and seven of these found that postprandial insulin iAUC was significantly 
lower following wholegrain foods with larger compared with smaller grain particle size 
(6, 18, 22-24, 28). These findings may be important because higher postprandial 
insulinaemia represents additional burden on the beta-cells of the pancreas (11, 13-15).  
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A clear understanding of insulin responses to wholegrain foods varying in grain 
particle size likely requires longer than two or even three hours of postprandial time. 
The study by O’Dea et al. (1980) (22) measured insulin responses across 240 minutes, 
and for whole brown rice, insulin concentrations had not yet returned to baseline by 
240 minutes post-meal. In the study by Eelderink et al. (2017) (28), the insulin 120-min 
iAUC for kibbled wheat bread was 30% lower than for wheat flour bread, and when 
comparing the 360-min iAUC’s this difference was even greater (35%).  
 
2.4.4 Trials among people with type 2 diabetes 
Compared to the studies among people with normal glucose tolerance, relatively 
few studies on the acute glycaemic and insulinaemic responses to wholegrain foods 
differing in grain particle size have been conducted among participants with type 2 
diabetes. However, it is arguably more important to conduct such studies among this 
population, since it is crucial for people with type 2 diabetes to minimise their glucose 
excursions to reduce the risk of developing diabetic complications (11).  
Two studies by Jenkins et al. (1986, 1988) (20, 21) demonstrated that 
consumption of un-milled wholegrains (bulgur wheat, whole kernels of rye and barley) 
generated lower glycaemic indexes than bread made from the same grain types milled 
into flour. The first of these studies (20) compared boiled or pressure-cooked intact 
grains with breads made from flour, for both wheat and rye, but the second study (21) 
compared wholegrain flour breads with breads in which varying proportions of the 
flour was replaced with intact grains. Comparisons between breads are particularly 
useful, given that bread is a commonly chosen carbohydrate in New Zealand (54).  
Rather than comparing un-milled with milled grains, the study by O’Donnell et 
al. (1989) measured the postprandial glycaemic and insulinaemic responses to scones 
made from coarse and fine wholegrain wheat flour among participants with type 2 
diabetes (23). Both glycaemic and insulinaemic responses were lower following the 
scones made with coarse flour compared to the scones made with fine flour. No other 
similar studies were identified among participants with type 2 diabetes.  
Maintaining intactness of carbohydrate foods rather than grinding or milling 
them can reduce both glycaemic and insulinaemic responses among people with type 2 
diabetes across a full day of consuming mixed meals. This was demonstrated by the 
crossover study by Järvi et al. (1999) (19), in which participants were randomised to 
two 24-day dietary interventions matched for fibre and macronutrient composition. The 
two dietary interventions were described as “low GI” and “high GI”, and this was 
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achieved by altering the structure of the carbohydrate foods (grains and pulses). 
Therefore, another way to describe the low and high GI diets would be “including 
primarily structurally intact carbohydrates” and “including primarily milled or ground 
carbohydrates”, respectively. At the end of each dietary intervention, a 9-h “profile day” 
which was representative of the relevant diet was provided in a controlled setting, and 
blood glucose and insulin concentrations were measured across the day. Both blood 
glucose and insulin iAUC were approximately 30% lower during the test day for the low-
GI diet compared to the high-GI diet, and it is reasonable to attribute this finding to the 
differences in the structures of the carbohydrate foods. While some differences in the 
structure of the carbohydrate foods were achieved by using whole grains and legumes 
compared to milled and ground grains and legumes, the two dietary interventions also 
included refined grain products that differed in processing methods unrelated to grain 
particle size. It is conceivable that these other differences contributed to the outcomes, 
as well as the effect of grain particle size. Additionally, it is also important to recognise 
that legumes have stronger cell walls which are more resistant to mastication and 
digestion than the cell walls of grains (73), and therefore the findings for legumes may 
not necessarily be applicable to other grains.   
A recent intervention study showed that consumption of more intact compared 
with extensively milled wholegrains reduced postprandial glycaemia (measured by 
continual glucose monitoring) in a free-living setting, among people with type 2 diabetes 
(16). Participants completed two 2-week interventions, in which they replaced their 
usual carbohydrate foods with wholegrain foods made from either largely intact grains 
or finely milled grains. The blood glucose iAUC in the post-breakfast period was 9% 
lower (95% CI: 9% – 15%) for the intact grain intervention compared to the finely 
milled grains intervention.  
Interpretations of the studies among both normoglycaemic people and people 
with type 2 diabetes will be explored in detail in the following section.  
2.4.5 Interpretations of studies 
2.4.5.1 Contrasting participants with normal glucose tolerance and 
with type 2 diabetes 
It appears that people with type 2 diabetes benefit more from choosing foods 
that include intact and cracked grains and coarsely milled flour, compared to people 
with normal glucose tolerance. All studies among participants with type 2 diabetes 
demonstrated beneficial effects on the acute glycaemic responses to consumption of 
wholegrains comprised of larger compared with smaller grain particle size, whereas 
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findings for comparable studies involving participants with normal glucose tolerance 
were mixed.  
The magnitude of the glycaemic response to consumption of wholegrain foods is 
much higher among participants with type 2 diabetes compared to participants with 
normal glucose tolerance. A good example is from the study by O’Donnell et al. (1989), 
where the blood glucose iAUC’s among participants with type 2 diabetes were 
approximately 5 – 6 times larger than for the participants with normal glucose tolerance 
(23). Since hyperglycaemia is known to cause direct damage to the endothelial tissues 
(11) any reduction in postprandial glycaemia is particularly important for people with 
type 2 diabetes who wish to avoid complications of the disease.  
2.4.5.2 Differences in the magnitude of grain particle size comparisons 
Among normal glucose tolerant people, not all grain particle size comparisons 
generated significantly different glycaemic responses between test foods, so it is 
possible that the magnitude of the difference in grain particle size is important. There 
were significant differences in grain particle size in the comparison between ground 
versus ungrown brown rice (mean difference not shown) (22). The glycaemic response 
to boiled cracked and intact wheat was 50% and 60% lower (respectively) compared to 
muffins made from fine wheat flour, and the glycaemic response to cooked intact wheat 
was 40% lower than for muffins made from coarse wheat flour (18). However, in other 
studies large differences between the test foods did not result differences in blood 
glucose iAUC (6, 26-28). It is possible that findings are not consistent across studies 
because food preparation methods varied. Since factors such as the length and 
temperature of cooking can influence starch gelatinisation and therefore glycaemic 
response (7-9), determining whether there are independent effects of grain particle size 
alone may be difficult. This is explored in more detail in SECTION 2.4.5.3.   
Oats are frequently eaten in a more intact form such as in muesli or porridge, 
rather than as a milled flour, but they can be whole, steel-cut, rolled, or as ‘quick oats’ 
(rolled and cut). Consumption of porridge made from whole oats resulted in a 
significantly lower glycaemic response compared to porridge made from rolled oats 
(17), and consumption of porridge made from steel-cut oats (groats cut into 
approximately three pieces) resulted in a significantly lower glycaemic response than 
porridge made from instant oatmeal (oats both rolled and cut) (24). However, the study 
by Heaton et al. (1988) (6) also compared whole oats with rolled oats and found no 
significant differences between the two, but a key difference in their study is that the 
oats were covered in water and baked at 180°C for 2-3 hours (rolled oats) and 4 – 5 
   
 
   
 
31 
hours (whole oats). It is possible that the prolonged cooking time gelatinised the starch 
to so great an extent that the grain particle size was no longer as important. The fourth 
study involving oats compared porridge made with oat flakes versus oat flour (25), and 
while the oat flakes generated a slightly lower glycaemic response than the oat flour, the 
difference was not significant.  
Processing method can influence the glycaemic response, so studies that control 
for this provide clear evidence on the importance of grain particle size on the glycaemic 
response. Wholegrain foods made from fine versus coarse flours could be compared 
while keeping the rest of the food processing methods constant. In three trials the acute 
glycaemic and insulin responses to wholegrain products made from ‘coarse’ and ‘fine’ 
wholegrain wheat flours were compared (6, 18, 23). While there were no significant 
differences in postprandial blood glucose iAUC relating to flour particle size among 
normoglycaemic participants, the products made with coarse flour had non-significantly 
lower mean blood glucose iAUC’s than the products made with fine flour. The study by 
O’Donnell et al. also included participants with type 2 diabetes, and among this group 
the blood glucose iAUC was lower for the wholegrain food made from coarse flour 
compared with fine flour (23).  Additionally, products made with coarse flour resulted in 
significantly lower postprandial insulin iAUC’s than those made with fine flour for all 
three studies (6, 18, 23), so the extent of ‘coarseness’ of the coarse flour may be 
important to quantify. For two of these studies the coarse flours had approximately 15% 
of particles below 140 m and the fine flours had approximately 80% of particles <140 
m (6, 23), while for the third study, the coarse flour had 56% of particles <125 m and 
the fine flour had 78% of particles <125 m (18). Small flour particles below 125 and 
140 m would likely have had few to no intact wheat cell walls remaining and a larger 
proportion of damaged starch, compared to medium (~330 m) and larger (~780 m) 
flour particles (10). Medium and large flour particle sizes may retain clumps of 
undamaged cells, so the starch within is both protected from enzymatic degradation by 
cell walls and for this protected starch there is a more limited capacity for starch 
swelling due to gelatinisation (10). The study by O’Donnell et al. (1989) (23) also 
reported that their coarse flour had 40% of particles >1000 m and their fine flour had 
no particles >1000 m, so the difference between their two flours was considerable. 
Another study measured the glycaemic response only to breads made from wholegrain 
flours of differing grain particle size, but the comparison was with breads made with 
‘conventional’ flour versus ultra-fine flour (65). The postprandial blood glucose iAUC 
was similar for the two breads. It is possible that the flour particle sizes were too 
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similar: the ultra-fine flour had 100% of particles <150 m, and the ‘conventional’ flour 
had 80% of particles below 180 m and 50% of particles <150 m, so for both flours 
very few particles would have been large enough for cell walls to be undamaged and for 
starch damage to be minimised. Coarsely milled flours must have a large enough 
difference in particle size compared to finely milled flours in order to decrease the 
glycaemic response, but since relatively few studies have compared wholegrain foods 
made from coarse versus fine flour, the particle size requirements for a flour to be 
considered ‘coarse’ are not well established.  
2.4.5.3 Possible interaction between food processing methods and 
grain particle size 
Most of the studies described in TABLE 2.3 and TABLE 2.4 needed to use different 
preparation methods when preparing the foods containing intact or cracked grains 
compared to milled flours. This was essential for the foods to be palatable, but since 
preparation methods differed among the studies, there may be some ambiguity about 
the extent to which the preparation methods affected the postprandial glycaemic 
response. Starch gelatinisation affects the glycaemic response to an important extent. 
Raw starches generate lower blood glucose and insulin responses compared to cooked 
starches (7, 9, 74), since starch is gelatinised during cooking in the presence of water 
and becomes for available to digestion. With increasing degree of starch gelatinisation, 
the rate of starch hydrolysis in the presence of α-amylase increases (8). The extent of 
starch gelatinisation is also dependent on availability of water, heat, and the intactness 
of the plant cell walls.  
Starch gelatinisation may also be influenced by grain particle size. Intact cell 
walls limit gelatinisation by limiting the swelling capacity of the starch within, and the 
cell walls also act as a barrier to digestive enzymes (10). Larger grain particles contain 
cells with undamaged cell walls, which may limit the extent to which starch swelling due 
to gelatinisation may occur. This effect is amplified in grain particles large enough to 
have clumps of unbroken cells, because the combined rigidity of the clumps of cells 
limits the swelling capacity of the starch more than a lone cell can provide alone (10). It 
is clear that additional processing is required to make whole grains palatable, but 
among the studies presented in TABLE 2.3 and TABLE 2.4 there is considerable variation 
in how this is done.  
Several trials compared baked breads or scones made from flour with and boiled 
intact or cracked grains (6, 18, 20, 21, 27), others compared 100% wholegrain flour 
breads with breads containing pre-soaked or pre-cooked cracked or intact kernels (20, 
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21, 27, 28), and two included comparisons between oat porridges which used different 
cooking times (17, 24). However, preparation methods could be identical in studies that 
compared the effects of glycaemic response to wholegrain products made with more 
subtle differences in grain particle size. Flours of different particle sizes were compared 
in four trials using identical preparation methods (6, 18, 23, 65) and in a comparison 
between oat flakes and oat flour both were cooked for the same length of time (25). In 
the study by Holt et al. (1994), cracked and intact wheat kernels were boiled for the 
same length of time (18), while in the three trials by Heaton et al. (1988) the intact 
grains were cooked for considerably longer than the cracked grains and rolled oats (6).  
Although it is possible to compare partially intact grains with fully intact grains 
prepared under similar conditions, it is difficult to prepare palatable food products 
made with either milled grains or intact grains under identical conditions. Thus, 
unavoidable differences in food preparation methods used in different studies may, in 
part, contribute to the heterogeneity among the findings for postprandial blood glucose 
iAUC. For example, in both the study by Holt et al. (1994) (18) and one of the trials by 
Heaton et al. (1988) (6), wheat products made from fine flour, coarse flour, cracked 
wheat, and intact wheat were compared; but only the study by Holt et al (1994) (18) 
reported significant differences in blood glucose iAUC relating to grain particle size. In 
the study by Heaton et al. (1988), grains were covered in water and baked at 180°C for 2 
– 3 hours (for cracked grains) or 4 – 5 hours (for intact grains) (6), while in the study by 
Holt et al. (1994) both cracked and whole wheat were covered in water and baked at 
230°C for 20 minutes, and then excess water was discarded (18). It is likely that the 
grains cooked for 2 – 5 hours were gelatinised to a greater extent than the grains cooked 
for 20 minutes, so the effect of gelatinisation on glycaemic response may have disguised 
any possible effect of grain particle size in the trial by Heaton et al. (1988). While a 
shorter cooking time for cracked and intact grains may have contributed to the positive 
findings (18), it should be noted that these cracked and intact wheat meals do not 
resemble meals eaten in the ‘real world’, and it is essential that general dietary 
recommendations are based on foods which may actually be consumed and 
commercially distributed. For these reasons, the findings for oatmeals made with whole 
oats versus rolled or instant oats are more immediately useful.   
2.4.5.4 Time period over which iAUC was measured 
For normoglycaemic people, grain particle size may influence the postprandial 
glycaemic response measured over one to two hours post-meal, but beyond this period 
the differences abate. The study by O’Dea et al. (1980) reported that the 60-min iAUC of 
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ground brown rice was significantly higher than for brown unground rice, but 
differences between ground and unground rice for the 240-min iAUC were no longer 
significant (22). The study by Wolever et al. (2019) (24) found that the blood glucose 
iAUC to steel-cut oatmeal was lower than for instant oatmeal only for the 120-min iAUC 
and not the 180-min iAUC. It is to be expected that people with normal glucose tolerance 
are able to return to their baseline (fasted) blood glucose level by approximately two 
hours post-meal, so differences in glycaemic response are not as prolonged as they often 
are among people with type 2 diabetes. However, the effects of a higher glycaemic 
response for even a short duration should not be dismissed as unimportant, since other 
markers of metabolism are also impacted. In the study by O’Dea et al. (1980), the insulin 
iAUC was significantly higher for both the 60-min and 240-min iAUC following the 
ground brown rice compared to the unground brown rice (22), and in the study by 
Wolver et al. (2019) both the 120-min and 180-min insulin iAUC was significantly 
higher following the instant oatmeal compared to the steel-cut oats oatmeal (24).  
Wholegrain foods influence not only the immediate postprandial glycaemic and 
insulinaemic responses, but they also may affect the glycaemic and insulinaemic 
responses to consumption of a subsequent meal consumed some hours later. It has long 
been known that the composition of the evening meal affects the postprandial glycaemic 
response to a meal the following morning. This was demonstrated by a crossover trial 
which measured the postprandial glucose response to a standardised breakfast meal 
that was preceded by either lentil and barley meal (low GI) or an instant potato and 
wholemeal bread meal (high GI) (75). The blood glucose 120-min iAUC to breakfast 
preceded by the potato and bread meal was 233 mmol·min/L (SD 115), compared to 
iAUC 170 mmol·min/L (SD 93) for the breakfast preceded by the lentil and barley meal. 
The difference in 2-h blood glucose iAUC between the breakfasts was not significant, but 
the difference was significant when comparing the 60-min iAUC. Another study (76) 
measured the postprandial blood glucose and insulin responses to a standardised 
breakfast that had been preceded by an evening meal containing varied levels of 
indigestible carbohydrate. The postprandial blood glucose iAUC to the standardised 
breakfast was higher when the prior evening meal was white wheat bread, compared to 
evening meals of barley kernel breads (high amylose, high -glucan, and ordinary 
barley) and white wheat bread supplemented with barley fibre and resistant starch. The 
blood glucose iAUC to the standardised breakfast was inversely related to breath 
hydrogen (H2) excretion, and both blood glucose and insulin iAUC was positively 
correlated with fasting free fatty acids, so it is likely that colonic fermentation of 
resistant starch was responsible for these differences in glycaemic responses. Short-
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chain fatty acids, a product of the resistant starch fermentation, may affect glycaemic 
response by reducing the hepatic production of glucose, thereby influencing the acute 
glycaemic response to later carbohydrate consumption (77). It is evident that the blood 
glucose and insulin responses to a meal measured over 2 – 3 hours are only one aspect 
of the overall metabolic response to that food.   
2.4.5.5 Venous versus capillary blood glucose 
The blood glucose concentration measured from venous blood is different from 
blood glucose concentration measured from capillary blood, and these differences may 
affect studies’ findings. For the measurement of blood glucose concentration, six studies 
used venous blood (6, 22, 23, 25, 28, 65) and four used capillary blood (18, 24, 26, 27). 
Blood glucose measured from venous blood is lower than blood glucose measured from 
capillary blood at the same time because glucose uptake continues to occur in capillaries 
before arriving in the veins (78). The glycaemic response calculated by venous blood has 
higher within-person variability than when capillary blood is used (79, 80). Using 
venous blood for calculation of the glycaemic response is now discouraged (55) as it is 
considered less precise than capillary blood glucose (79). The study by Granfeldt et al. 
(1995) presented blood glucose iAUC for both venous and capillary blood (17) but there 
were only significant differences in blood glucose iAUC relating to grain particle size 
when capillary blood was used. Several of the studies presented in TABLE 2.3 showed 
small yet not significant differences in venous blood glucose iAUC among foods varying 
in grain particle size (6, 23, 25). It is not possible to know whether these differences 
would have been statistically significant had they been taken from capillary blood 
samples, but it is clear that the use of venous blood to measure blood glucose 
concentration is limiting.   
2.4.5.6 Age of participants and the glycaemic response 
Advancing age influences the postprandial glycaemic response (29). While 
speculative, it is interesting that of all the comparisons involving oat-based meals, the 
one study which did not find significant differences between particle size conditions for 
either insulin or blood glucose iAUC had the youngest participants (mean age 24) with 
the lowest BMI (23 kg/m2) (6) compared to the other three oats studies (17, 24, 25) (see 
TABLE 2.3). It may be that recruiting only very young adults is a limitation, as the 
findings for very young adults with good insulin sensitivity may underestimate the 
expected effect of grain particle size for the general population.  
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2.4.5.7 Markers of metabolic response  
For people without diabetes, insulin appears to be a more sensitive marker of 
metabolic response than postprandial blood glucose, in response to consumption of 
wholegrain foods comprising larger compared with smaller particle size. The study by 
Heaton and colleagues (6) included in vitro tests as well as the in vivo tests described in 
TABLE 2.3. Their in vitro tests revealed that the rate of starch digestion increased as 
particle size decreased. This was supported by the insulin peak and iAUC being 
significantly inversely related to particle size, but not the blood glucose iAUC (only the 
blood glucose peak following cracked and whole grain meals was lower than the coarse 
and fine wheat flour meals). Another study (7) demonstrated that insulin iAUC was 
better associated with extent of starch digestibly than blood glucose iAUC. Participants’ 
postprandial blood glucose and insulin were measured in response to cooked and 
uncooked starch and a glucose drink, matched for carbohydrate (1 g/kg body weight). 
Insulin iAUC increased as starch digestibility increased (uncooked starch < cooked 
starch < glucose drink), while glucose iAUC was lowest after the uncooked starch but 
approximately equally high after both the cooked starch and glucose drink. In this case, 
the magnitude of the insulin response more closely reflected the expected differences in 
starch digestibility than blood glucose did. However, findings for insulin and glucose do 
not always appear to be correlated. For the oat-based meals tested in the study by 
Heaton et al. (1988), the lowest insulin iAUC did not correlate to the lowest blood 
glucose iAUC (6). In the study by Granfeldt et al. (1995) there were significant 
differences in blood glucose iAUC for two oat porridges of different grain particle size, 
yet no differences in insulin iAUC (17).  
Some studies measured other markers of metabolic response to wholegrain 
foods differing in grain particle size, such as glucagon-like peptide-1 (GLP-1), rate of 
glucose appearance, and rate of gastric emptying. Eelderink et al. (2017) found that GLP-
1 was significantly lower after bread made primarily from kibbled wheat, compared to 
bread made from 100% wholewheat flour, even though there was no significant 
difference in blood glucose and rate of exogenous glucose appearance between the two 
(28). GLP-1 promotes insulin secretion, and while the study by Eelderink et al. (2017) 
did not report a significant difference in insulin iAUC between the two breads because 
they corrected for multiple comparisons in their statistical analysis, yet the insulin iAUC 
to the kibbled bread was 31% lower than the wholewheat flour bread (p=0.011). The 
study by Mackie et al. (2017) (25) found that porridge made from oat flakes remained in 
the stomach for longer than the oat flour porridge, which may help explain the lower 
peaks in blood glucose and insulin for the flake porridge.   
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2.4.6 Conclusion of glycaemic response trials 
Current evidence suggests that wholegrain foods comprised of larger grain 
particle size may be associated with lower acute glycaemia and insulinaemia responses 
than comparable foods prepared from grains which have been processed (milled) to the 
extent that the grain particle size is appreciably reduced. Although only limited data are 
available for people with type 2 diabetes, findings appear to be consistent; whereas only 
four of thirteen trials involving those with normoglycaemia found that blood glucose 
iAUC was lower after consumption of wholegrain foods including larger compared with 
smaller grain particle size.  
There are several possible explanations which may have explained these 
findings. Food processing methods differed amongst the trials, and many of the older 
trials used venous rather than capillary blood to measure blood glucose. Most of the 
studies involved relatively young adults and many may have been underpowered given 
the small number of participants. Despite these potential limitations, the findings of 
twelve of the thirteen trials amongst normoglycaemic individuals in which insulin levels 
were measured generated interesting findings. Seven of these reported a lower 
insulinaemic response following wholegrain foods including larger compared with 
smaller grain particle size. Insulinaemic responses in apparently healthy individuals 
may predict coronary heart disease risk and risk of cardiovascular and all-cause 
mortality (61, 62), suggesting that the findings related to particle size may be relevant to 
normoglycaemic individuals as well as for people with type 2 diabetes.  
An important gap in the literature to date is the extent to which components of 
food processing other than milling may influence the metabolic consequences of foods 
differing in grain particle size. A larger grain particle size can both limit the opportunity 
for starch gelatinisation and provide a physical barrier to enzymatic digestion via the 
intact cell wall. As a result the work in this thesis will test the effect of grain particle size 
on acute glycaemic response under various food processing conditions and among 
people with normal glucose tolerance, type 2 diabetes, and known risk factors for 
developing type 2 diabetes.  
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3  THE EFFECT OF WHOLEGRAIN PARTICLE SIZE ON 
GLYCAEMIC RESPONSE AMONG PARTICIPANTS WITH 
NORMAL GLUCOSE TOLERANCE 
 
3.1 INTRODUCTION  
Diets characterised by lower compared with higher glycaemic index or 
glycaemic load foods and meals are associated with reduced risk of non-communicable 
disease (1, 11, 12). Controlled studies in people with type 2 diabetes have reported 
reduced postprandial glycaemic response following consumption of wholegrain foods 
prepared from more intact compared with less intact grains(16, 19-21, 23). However, in 
thirteen trials involving those with normal glucose tolerance (6, 17, 18, 22-28, 65) the 
findings are less consistent, with only four trials (17, 18, 22, 24) reporting comparable 
findings. It is possible that the inconsistent findings were influenced by limiting factors 
which featured in many of the trials among people with normoglycaemia. Many had 
small sample sizes (n=6 – 10) (6, 17, 18, 22, 23, 25, 27, 28), and some collected venous 
blood (6, 22, 23, 25, 28, 65) which is less precise than capillary blood (78-80).  Food 
processing methods varied between the trials, and for some trials food processing was 
inconsistent within the comparisons between wholegrain foods of different particle size. 
These previous trials focused on the extent to which grain particle size affects 
glycaemia and other short-term markers of metabolism, but grain particle size may 
interact with other aspects of grain processing which are known to influence glycaemia, 
such as hydration and gelatinisation. There are no known studies which examine 
whether the effect of grain particle size on glycaemic response is moderated by other 
aspects of food processing.  
This series of three randomised cross-over studies addresses this need by 
aiming to measure the acute glycaemic response to wholegrain test foods with differing 
grain particles sizes across various food processing conditions (breads, crackers, and 
gelatinised and ungelatinised wheat porridges).  
  




3.2.1 Study design and randomisation 
Three randomised crossover trials were conducted to test the 120-min blood 
glucose response to wholegrain wheat foods of different grain particle size across 
different processing conditions among people with normal glucose tolerance.  In Trial 1, 
the glycaemic response to gelatinised and ungelatinised wheat porridges of differing 
grain particle size was tested. In Trial 2, the glycaemic response to breads of differing 
grain particle size was tested. In Trial 3, the glycaemic response to crackers of differing 
grain particle size was tested. Within each trial, the glycaemic response to a glucose 
standard (50 g glucose in 250 mL water) was tested. These trials were conducted at the 
University of Otago from June to November 2017 (Trial 1); from November 2017 to 
February 2018 (Trial 2), and from March to April 2018 (Trial 3). Ethical approval 
(number 179STH/41) was granted by the Health and Disability Ethics Committee. The 
study is registered (ACTRN 12617000328370).  
The sample size estimate to detect a clinically relevant 30% difference in 
postprandial glycaemia (iAUC) with 80% power to a 5% significance values was 14 
participants, using data from a previous study which provided a within-person standard 
deviation of 0.75 (81). A 30% difference in iAUC represents an 0.5 SD difference, which 
is considered a medium effect (82). Over-recruitment to n=20 was undertaken initially, 
as drop-out throughout the series of studies was expected.   
For each trial, the participants were randomised to the order in which they 
would receive the test foods using a Williams Square design (83) a design which is 
balanced for first order carryover effects by ensuring that each test food is preceded and 
followed by each other test food in equal numbers. Each randomisation order was 
sealed into an opaque envelope and randomly assigned to each participant.  
 
3.2.2 Participants 
3.2.2.1 Eligibility and recruiting 
Participants were males and females aged 18 – 75 y with normal glucose 
tolerance (HbA1c <40 mmol/mol), who were not pregnant or breastfeeding, and who 
were not known to be intolerant or allergic to wheat or gluten. Exclusion criteria 
included being unable or unwilling to adhere to the study requirements or taking 
medications known to affect blood glucose levels.  
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Participants were recruited through email, flyers, and personal connections.  All 
participants provided informed consent.  
Participants recruited at the onset of Trial 1 were asked if they were willing to 
take part in Trials 2 and 3. Additional participants were recruited for the second and 
third trials to maintain participant numbers for sample size requirements.  
3.2.2.2 Screening 
People who expressed an interest in participating in the research and met the 
study eligibility criteria attended a screening visit held at the University of Otago Human 
Nutrition Clinic.  Information on demographics, medical conditions, and 
allergies/intolerances was collected (Appendix B5). Duplicate measurements were 
taken for weight measured to the nearest 0.1kg, height to the nearest 0.1cm using a 
calibrated stadiometer, waist circumference to the nearest 0.1 cm (measuring at the 
narrowest point between the iliac crest and lower ribs), and percentage body fat to the 
nearest 0.1%. Percentage body fat was measured with a bioelectric impedance analyser 
(Wedderburn, Tanita, Model BC-418, Japan). Systolic and diastolic blood pressure was 
measured by a digital automatic blood pressure monitor (Omron, HEM-907, Japan), 
using the average of three consecutive tests taken in direct succession, after participants 
had been seated for 5 – 10 minutes.  Glycated haemoglobin was measured in capillary 
blood from a finger prick with the Quo-Lab A1c Analyzer, (REF-0055 EKF Diagnostics, 
Germany)  
 
3.2.3 Description of wholegrain wheat foods tested 
All test meals provided 50 g available carbohydrate and were served alongside 
250 mL water. Within each product type, the test meals were isoenergetic and matched 
for macronutrient composition and sodium (TABLE 3.4). A 50 g glucose standard 
(glucose monohydrate dissolved in 250 mL water) was included in each study’s testing 
schedule in addition to the test meals.  
3.2.3.1 Trial 1: Wheat porridges 
Four wheat porridges were tested in a 2 x 2 factorial crossover design. Two 
grain particle sizes were tested: kibbled wheat and roller-milled wheat flour. For each 
particle size, there was a gelatinised (cooked) and ungelatinised (uncooked) version.  
Wet and dry ingredients (TABLE 3.1) were combined at the Food Science Department 
laboratories (University of Otago). Dry ingredients were weighed and placed into a foil 
laminate pouch. Water was added one to two days before the wheat porridges were 
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required. The ingredients were mixed by hand to form a slurry and the bag was sealed 
after removing excess air. The freshly prepared wheat porridges were stored in a 
refrigerator up to two days before their consumption. The gelatinised test meals were 
prepared by puncturing the vacuum sealed bag and steaming in a rice cooker for 15 to 
20 minutes, or until the temperature reached 85°C. They were consumed while above 
65 °C. Ungelatinised test meals were refrigerated (4°C) for up to two days until 
immediately prior to serving.  
3.2.3.2 Trial 2: Breads 
Four wholegrain test breads differing only in the grain particle size of the 
constituent wheat were prepared in a commercial bakery. Ingredients are listed in 
TABLE 3.2. Bread 1 was made with 100% roller-milled flour , Bread 2 was made with 
100% stone ground flour, bread 3 was made with 50% roller-milled flour, 50% kibbled 
wheat, and bread 4 was made with 40% roller-milled flour, 30% kibbled wheat, 30% 
intact wheat. The kibbled and intact wheat was soaked overnight prior to mixing and 
baking. Each bread was made in a single batch and frozen in serving size portions until 
required. Prior to each test day, the bread test meal portions providing 50 g available 
carbohydrate were taken out of the freezer and left to thaw overnight. 
3.2.3.3 Trial 3: Crackers 
Two cracker variants differed only in the grain particle size of the constituent 
wheat. Cracker 1 used 100% roller-milled flour, and Cracker 2 used 40% roller-milled 
flour, 30% kibbled wheat, and 30% intact wheat. They were prepared and baked in the 
Department of Food Science laboratories (University of Otago), and stored in vacuum-
sealed bags until required. Each portion provided 50 g available carbohydrate.  
Ingredients are listed in TABLE 3.3. Margarine and golden syrup were creamed by 
hand and before blended dry ingredients were added. Cold water (6°C) was slowly 
added to the wholegrain flour dough during mixing. Kibbled and intact wheat was 
soaked overnight at 4°C, then drained, weighed, and mixed with other ingredients. No 
additional water was added to the cracker containing kibbled and intact wheat. Dough 
was mixed until the dough was formed, using a Kenwood planetary mixer with a K-
beater on a slow speed. The dough for the 100% roller-milled flour crackers was 
covered with cling-wrap and left to stand for ten minutes at room temperature before 
being rolled to approximately 2mm thick. The dough for the 30% kibbled 30% intact 
wheat cracker was rolled immediately after mixing to approximately the thickness of a 
wheat kernel (about 1.5 mm). Crackers were cut with a 6 cm square cookie cutter, 
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placed on a silicon baking tray, and baked at 190°C for 8 minutes and then at 180°C for 3 
minutes.  
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TABLE 3.1: WHEAT PORRIDGE INGREDIENT FORMULATIONS PER SERVE (G) AND AS PERCENT DRY WEIGHT 
Ingredient Roller-milled flour Kibbled wheat 
 g per serve % dry weight g per serve % dry weight 
Yoghurt 84.75 49.26 84.75 49.75 
Wholegrain 
(roller-milled flour 
84.75 49.26 - - 
Kibbled wheat - - 84.75 49.75 
Sucralose 0.01 0.01 0.02 0.1 
Baking soda 2.12 1.23 - - 
Vanilla flavour 0.42 0.25 - - 
Chocolate flavour - - 0.42 0.25 
Cacao powder - - 0.42 0.25 
Water 84.75 - 84.75 - 
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TABLE 3.2: BREADS INGREDIENT FORMULATION AS GRAMS PER BATCH AND AS PERCENT OF TOTAL  
Ingredient Roller-milled flour  Stoneground flour  50% kibbled wheat + 50% roller-
milled flour 
30% kibbled wheat + 30% intact 
wheat + 40% roller-milled flour 
 grams per 
batch 
% of total grams per 
batch 
% of total grams per 
batch 
% of total grams per 
batch 
% of total 
Wholegrain roller-
milled flour 
2000 53.7 -  
 
1000 27.8 800 22.6 
Stoneground flour - - 2000 54.6  - -  - - 
Kibbled Wheat - - - - 1000 27.8 600 16.9 
Whole Wheat  -  - - -  - - 600 16.9 
Soak Watera  - - - - 1000 27.8 920 26 
Water 1440 38.7 1380 37.7 320 8.9 340 9.6 
Salt 30 0.8 30 0.8 30 0.8 30 0.8 
Improver 10 0.3 10 0.3 10 0.3 10 0.3 
Softener 10 0.3 10 0.3 10 0.3 10 0.3 
Gluten 120 3.2 120 3.3 120 3.3 120 3.4 
Calcium Acetate 12 0.3 12 0.3 12 0.3 12 0.3 
Canola Oil 20 0.5 20 0.5 20 0.6 20 0.6 
Yeast 80 2.1 80 2.2 80 2.2 80 2.3 








a Water was calculated by noting the amount of water added to soak the grain overnight, draining the grain, and subtracting the drained water from the original water 
weight.  
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TABLE 3.3: CRACKERS INGREDIENT FORMULATION PER BATCH (G) AND AS PERCENT DRY WEIGHT 
Crackers 100% roller-milled flour 
30% kibbled wheat, 30% intact 
wheat, 40% roller-milled flour 
Ingredients grams % dry weight grams % dry weight 
Margarine 75 14.9 75 15 
Salt 2.5 0.5 2.5 0 
Golden syrup 10 2.0 10 2 
Modified potato starch 
(Emjel 70) 
15 3.0 15 3 
Wholegrain (roller-milled) 
flour 
400 79.6 160 32 
Kibbled wheat 0 0 120 24 
Whole wheat 0 0 120 24 
Baking powder 0 0 2 0 




Total dough weight excl. 
water 
502.5 100 504.5 100 
 
 
3.2.3.4 Methodology of nutrient composition analysis 
Nutrient composition is described in TABLE 3.4 as grams per 100 g, and analysis reports 
are shown in Appendix B2. Water was determined by freeze drying. Freeze dried samples were 
then analysed for starch, fat, protein, fibre, and ash. Starch was determined with a total starch 
assay kit (Megazyme International, County Wicklow, Ireland), which utilises enzymatic 
digestion and spectroscopic analysis based on the AOAC Method 996.11 and the AACC method 
76-13.01 for determination of total starch (AOAC International). The starch determination 
includes any glucose or maltodextrin potentially present. The starch content determination was 
used to calculate the serving size of 50 g available carbohydrate per serve. Water and available 
starch were measured at the Department of Food Science (University of Otago), and the freeze-
dried samples were sent to an independent laboratory to determine the ash, fat, protein, and 
fibre.  
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TABLE 3.4: NUTRIENT COMPOSITION OF WHEAT PORRIDGES, BREADS, AND CRACKERS  











































63.9 64.8 63.8 63.8 44.5 45.7 47.1 39.8 1.52 2.87 
Protein 
(g/100g) 
6.2 5.6 6.2 6.3 9.2 9.0 8.7 9.8 11.68 11.56 
Ash  
(g/100g)  
1.2 0.7 1.1 0.8 1.6 1.7 1.4 1.6 1.83 2.47 
Total fat 
(g/100g) 
1.2 1.3 1.2 1.4 2.2 2.2 2.1 2.8 12.9 13.49 
Dietary fibre 
(g/100g) 











N/A N/A N/A N/A N/A N/A 
Starch 
(g/100g) 




23.9 23.6 22.6 22.8 37.1 35.6 34.8 40.0 59.07 56.53 
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3.2.3.5 Particle size analysis 
Particle size of the flours and grain blends was determined by sieve analysis, in which 
the proportion of the grain retained on sieves of defined sizes was measured (84). The particle 
size distributions for the grain combinations are described in TABLE 3.5.  
 
TABLE 3.5: PROPORTION OF THE GRAIN BLEND THAT WAS RETAINED ON SIEVES OF DEFINED SIZE FOR WHEAT FLOURS, KIBBLED WHEAT, 




milled) wheat flour 
Stoneground flour Kibbled wheat 
50% kibbled wheat, 
50% roller-milled 
flour 
30% intact grain, 
30% kibbled wheat, 
40% roller-milled 
flour 
>1680 0.00 0.00 91.11 45.56 57.33 
850 - 1679 9.30 25.00 8.08 8.69 6.14 
425 - 849 7.00 35.10 0.81 3.90 3.04 
250 - 424 1.10 16.30 0.00 0.55 0.44 
150 - 249 5.60 15.10 0.00 2.80 2.24 
<150 77.00 8.50 0.00 38.50 30.80 
The median grain particle size is <150 µm for the roller milled flour; between 425 – 849 µm for the 
stoneground flour; between 850 – 1679 µm for the blend of 50% kibbled wheat and 50% roller-milled flour; 
and >1680 µm for the blend of 30% intact grain, 30% kibbled wheat, and 40% roller-milled flour. 
 
3.2.4 Testing protocol 
Participants arrived at the clinic (University of Otago, Dunedin) between 0600 and 0715 
hours, having fasted for at least eight hours. Participants chose their preferred test mornings 
and were allowed to attend on consecutive days, but could not exceed three clinic visits per 
week. They completed one test meal per test morning. For the day prior to each testing session, 
they were instructed to avoid alcohol, to keep consistent the duration and intensity of any 
exercise, and to eat the same or similar evening meal (matching macronutrient proportions). 
Participants were free from illness or infection at each test session. Adherence to these 
conditions was confirmed with a checklist at each session before testing commenced.  
Upon arrival, participants remained seated for ten minutes before the testing protocol 
began. The blood glucose data collection protocol followed that of the International 
Organisation for Standardisation (ISO 26642:2010(E)) for the determination of the glycaemic 
index (GI) and recommendation for food classification (56). Two fasting blood glucose measures 
were taken within 5 minutes of each other at baseline to derive a mean fasting blood glucose 
concentration. The two fasting blood glucose concentrations were required to be within 0.5 
mmol/L of each other; and if not, a third measure was taken determine the more accurate of the 
first two measurements and to create the mean fasting glucose concentration. Immediately 
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following the baseline tests, participants were given their test meal alongside 250 mL of water. 
On their glucose standard test days, 50 g glucose monohydrate dissolved in 250 mL water was 
given. Participants were instructed to consume test meals within 10 minutes, and time taken to 
eat was recorded. Blood glucose finger prick tests were taken at 15, 30, 45, 60, 90, and 120 
minutes from commencement of test food consumption, and immediately analysed by a 
HemoCue Glucose 201+ analyser (Ängelholm, Sweden). Participants were asked to limit 
themselves to seated activities such as reading or using a laptop. They were allowed to visit the 
bathroom in the adjacent room if necessary.  
The coefficients of variation for the three HemoCue Glucose 201+ analysers were 0.4%, 
0.5%, and 0.5% (using measurements of a control cuvette).  Each HemoCue Glucose 201+ 
analysers was tested against the Glucotrol®-NG controls (Levels 1, 2, and 3) and outcomes were 
within the specified ranges.  
 
3.2.5 Data entry and statistical analysis  
Statistical analyses were conducted using Stata 16.1 (StataCorp, Texas).  
Incremental area under the blood glucose curve (iAUC) was calculated using the 
Trapezoid Rule, ignoring the area below baseline. The mean and standard deviation for the iAUC 
of the glucose controls were calculated for the group; and these values were used to create a 
‘standardised mean iAUC’ (SM-iAUC) for each test food. This standardised mean iAUC 
represented the number of standard deviations the test food’s iAUC was from the mean glucose 
standard. It was calculated using the following formula:  
 
(𝑖𝐴𝑈𝐶 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑓𝑜𝑜𝑑) − (𝑚𝑒𝑎𝑛 𝑖𝐴𝑈𝐶 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠)
𝑆𝐷 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠
 
 
The mean and standard deviation of the glucose controls were calculated separately for 
each trial, since the participants were not all the same for each trial.  
Differences between test food conditions were estimated using a mixed effects 
regression model with SM-iAUC as the dependent variable, test food as the independent 
variable and with participant as a random effect. Robust variance structure was used. 
Randomisation order and time taken to eat were included in the model. Adjustment for these 
variables was decided a priori, since time taken to eat is known to influence glycaemic response 
(85). Mean differences, 95% CI and p-values were calculated. P<0.05 was considered 
   
 
 49 
statistically significant with no adjustment for multiple tests. Bonferroni corrections were 
considered not appropriate for the statistical analysis (86).  
To determine if there was an interaction between starch gelatinisation and particle size, 
the effects of each of these modifications are presented stratified by the other.  An interaction 
term between the two modifications was included in the iAUC model although the study was not 
powered to detect an interaction. For crackers, standardised iAUCs were log-transformed, and 
estimates were back-transformed and presented as percentage difference. This was done to 
normalise a left-skew in the crackers data and to improve the fit of the residuals, but log-
transformation was not required for analysis of the wheat porridges and breads data.  
FIGURES 3.2 – 3.4 were created by taking the mean of each participants’ blood glucose 
concentration at each time point, within each test food category. Because they reflect the group 
mean blood glucose concentration at each time point, they do not necessarily reflect within-
person differences, and instead are intended as a visual representation of the overall blood 
glucose patterns. 
3.2.5.1 Data preparation 
In each of Trial 1 and Trial 3 there was one instance of missing reported time-to-eat, and 
there were two instances of missing reported time-to-eat in Trial 2. Details of data imputation 
are detailed in Appendix A3, but in brief, the differences between the median time-to-eat for 
each test food were used to impute the participant’s missing response relative to their other 
responses. Intra-individual variation was smaller than inter-individual variation, so it would not 
have been appropriate to assign the group median time-to-eat for a missing response.     





TABLE 3.6: PARTICIPANT CHARACTERISTICS OF PEOPLE WITH NORMAL GLUCOSE TOLERANCE FOR EACH CONSECUTIVE STUDY 
 










Mean (SD)a Mean (SD) Mean (SD) 
Age (years) 
 
26.1 (5.4) 26.4 (4.9) 26.1 (5.0) 
Sex (%female) 
 
70% 76% 73% 
HbA1c 
 
33.6 (2.6) 33.5 (2.6) 34.2 (2.0) 
BMI (kg/m2) 
 
25.1 (4.7) 25.1 (5.0) 25.7 (4.9) 
Systolic blood pressure 
(mmHg) 
 
117.8 (10.3) 117.1 (10.2) 117.1 (10.5) 
Diastolic blood pressure 
(mmHg) 
 
70.3 (7.8) 70.4 (8.5) 71.2 (8.2) 
% fat mass 
Males 
14.5 (6.1) 11.8 (5.4) 15.1 (5.6) 
Females 




82.6 (7.1) 80.8 (6.1) 83.6 (7.0) 
Females 
79.5 (11.0) 79.8 (11.3) 80.9 (11.5) 
a Unless otherwise stated 
 
Twenty-two participants were initially screened. One was unable to tolerate the test 
foods, and one was found to have type 1 diabetes. Twenty participants completed Trial 1 
(porridge), seventeen completed trial 2 (bread), and fifteen completed trial 3 (crackers). FIGURE 
3.1 shows the flow of participants through each consecutive trial. Participants’ ages ranged from 
18 to 36 years,  and they had no concerns regarding markers of metabolic health (87). Of the 
participant group as a whole (across all trials), 79% were NZEO or white, (though sixteen 
percent of these also identified as either Māori or South Asian). Twenty-one percent of all 
participants were Middle Eastern, South Asian, or South East Asian. 
 




FIGURE 3.1: PARTICIPANT FLOWCHART 
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The mean iAUC (mmol×min/L) of the glucose standards was 154.7 (SD 84.6) 
mmolmin/L for Trial 1 (wheat porridges), and 176.6 (SD 54.1) mmolmin/L for Trial 2 
(breads). For Trial 3 (crackers), the log of the mean of the glucose standards iAUC was 5.05 (SD 
0.41).  
Wheat porridges 
Regardless of starch gelatinisation, the wheat flour porridge generated a non-
significantly higher glycaemic response than the kibbled wheat porridge (standardised mean 
difference 0.17 SM-iAUC, (95% CI: -0.03, 0.38), p=0.103). The effect of gelatinisation was 
greater, where the gelatinised porridge resulted in a significantly higher glycaemic response 
than the ungelatinised porridge (standardised mean difference 0.89 SM-iAUC (95% CI: 0.60, 
1.19), p<0.001) (TABLE 3.8) 
The gelatinised wheat flour porridge resulted in a non-significantly higher glycaemic 
response than the gelatinised kibbled wheat porridge (standardised mean difference 0.32 SM-
iAUC, (95% CI: -0.03, 0.67), p=0.076); while the difference in glycaemic response to the 
ungelatinised wheat flour porridge compared to the ungelatinised kibbled wheat porridge was 
0.00 SM-iAUC (95% CI: -0.27, 0.27); p=0.981 (TABLE 3.8). A statistically significant synergistic 
interaction effect for grain particle size and gelatinisation (p=0.235) was not detected; however, 
the trial not powered to detect this. 
The median time-to-eat was 9.7 minutes (IQR 8.1 – 10.8) for the ungelatinised wheat 
flour porridge; 9.9 minutes (IQR 9.0 – 11.1) for the ungelatinised kibbled wheat porridge; 9.6 
minutes (IQR 9.0 – 10.3) for the gelatinised wheat flour porridge, and 10.5 minutes (IQR 9.7 – 
12.4) minutes for the gelatinised kibbled wheat porridge.  
Adjusting for time-to-eat attenuated the effect of grain particle size on the glycaemic 
response but did not change the effect of starch gelatinisation on glycaemic response. In the 
model unadjusted for time-to-eat, the wheat flour porridge resulted in a significantly higher 
glycaemic response than the kibbled wheat porridge (mean difference 0.22 SM-iAUC (95% CI: 
0.02, 0.42), p=0.027) (Appendix A2).  
Breads 
All breads were between 0.74 and 0.94 SM-iAUC below the mean glucose standard. The 
100% roller-milled flour bread was set as the reference for the three other breads to be 
compared to, but the mean differences observed were small and were not statistically 
significant for any of the comparisons (TABLE 3.8) 
The median time-to-eat was 9.7 minutes (IQR: 8.8 – 13.0) for the 100% roller-milled 
wholegrain flour bread; 11.6 minutes (IQR 10.0 – 16.2) for the 100% stoneground flour bread; 
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10.0 minutes (IQR 9.9 – 19.7 min) for the 50% kibbled wheat + 50% roller-milled flour bread; 
and 10.5 minutes (IQR 8.8 – 14.3) for the 30% intact wheat + 30% kibbled wheat + 40% roller-
milled flour bread.  
Adjusting for time-to-eat did not influence the effect of grain particle size on glycaemic 
response (Appendix A2). 
Crackers 
The 30% kibbled wheat + 30% intact wheat cracker resulted in a significantly lower 
glycaemic response than the 100% roller-milled flour cracker (standardised mean difference 
1.10 SM-iAUC (95% CI: 0.41, 1.80)), p=0.002 (TABLE 3.8).  
The median time-to-eat was 11.5 minutes (IQR: 9.5 – 14.3) for the 100% roller milled 
flour cracker and was 13.9 minutes (IQR: 10.0 – 16.2) for the 30% intact wheat + 30% kibbled 
wheat cracker.  
Adjusting for time-to-eat strengthened the effect of grain particle size on glycaemic 
response, though the differences in glycaemic response to the crackers was statistically 
significant in both models (with and without adjustment for time-to-eat) (Appendix A2). 
  




FIGURE 3.2: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSE TO THE FOUR WHEAT PORRIDGES, AND A GLUCOSE STANDARD, EACH PROVIDING 50G AVAILABLE 
CARBOHYDRATE, AMONG PEOPLE WITH NORMAL GLUCOSE TOLERANCE. THIS FIGURE IS INTENDED TO ILLUSTRATE POSTPRANDIAL GLYCAEMIC RESPONSE PATTERNS; 
ERROR BARS ARE NOT INCLUDED TO AVOID INAPPROPRIATE INFERENCE GIVEN THIS IS A CROSSOVER TRIAL.  
 
 
FIGURE 3.3: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSE TO WHOLEGRAIN BREADS OF DIFFERENT GRAIN STRUCTURE COMPOSITION, AND A GLUCOSE 
STANDARD, EACH PROVIDING 50 G AVAILABLE CARBOHYDRATE, AMONG PEOPLE WITH NORMAL GLUCOSE TOLERANCE. THIS FIGURE IS INTENDED TO ILLUSTRATE 
POSTPRANDIAL GLYCAEMIC RESPONSE PATTERNS; ERROR BARS ARE NOT INCLUDED TO AVOID INAPPROPRIATE INFERENCE GIVEN THIS IS A CROSSOVER TRIAL. 
 




FIGURE 3.4: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSE TO WHOLEGRAIN CRACKERS OF DIFFERENT GRAIN STRUCTURE COMPOSITION, AND A GLUCOSE 
STANDARD, EACH PROVIDING 50 G AVAILABLE CARBOHYDRATE, AMONG PEOPLE WITH NORMAL GLUCOSE TOLERANCE. THIS FIGURE IS INTENDED TO ILLUSTRATE 
POSTPRANDIAL GLYCAEMIC RESPONSE PATTERNS; ERROR BARS ARE NOT INCLUDED TO AVOID INAPPROPRIATE INFERENCE GIVEN THIS IS A CROSSOVER TRIAL. 
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TABLE 3.7: MEAN IAUC VALUES (SD) (MMOL×MIN/L) FOR EACH TEST FOOD PREPARED UNDER DIFFERENT PROCESSING CONDITIONS AND GRAIN STRUCTURE AMONG PARTICIPANTS WITH NORMAL GLUCOSE 
TOLERANCE 




Mean Difference (95% CI) p-value 
Wheat Porridges  
Particle Size Flour Kibbled   
All 75.8 (78.5) 57.1 (56.2) 14.4 (-8.9, 31.8) 0.103 
 Gelatinised 120.0 (89.4) 88.8 (59.4) 26.9 (-2.8, 56.5) 0.076 
 Ungelatinised 31.6 (23.8) 25.4 (29.1) 0.3 (-22.4, 23.0) 0.981 
Gelatinisation Gelatinised Ungelatinised   
All 104.4 (76.5) 28.5 (26.4) 76.0 (50.8, 101.1) p<0.001 
 Flour 120.0 (89.4) 31.6 (23.8) 89.2 (50.1, 127.6) p<0.001 
 Kibbled 88.8 (59.4) 25.4 (29.1) 62.7 (37.8, 87.5) p<0.001 
Breadsb  
 100% roller-milled flour 135.1 (59.2) Reference  
 100% stoneground flour 125.7 (54.3) -9.4 (-26.7, 7.8) 0.285 
 50% kibbled wheat 136.5 (44.6) 1.3 (-14.6, 17.2) 0.869 
 30% kibbled wheat, 30% intact wheat 127.3 (75.1) -7.9 (-31.1, 15.3) 0.506 
Crackersc  
 100% roller-milled flour 80.2d (59.0, 109.0) Reference 
0.002  30% kibbled wheat, 30% intact wheat 56.8d (38.7, 83.5) -36.0% (-51.7%, -15.3%,) 
a Standardised mean iAUC represents the number of standard deviations from the mean glucose drink iAUC  
b Results were generated using a mixed effects regression model for standardised iAUC values, adjusted for randomisation order and time taken to eat the test meal 
c Results were generated using a mixed effects regression model for log-transformed iAUC values, adjusted for randomisation order and time taken to eat the test meal. 
d Geometric mean and 95% CI 
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TABLE 3.8: STANDARDISED MEAN IAUC VALUES (MEAN, SD) FOR EACH TEST FOOD PREPARED UNDER DIFFERENT PROCESSING CONDITIONS AND GRAIN STRUCTURE AMONG PARTICIPANTS WITH NORMAL 
GLUCOSE TOLERANCE. 
 Standardised mean iAUCa 
Mean (SD) 
Standardised mean iAUCa 
Mean (SD) 
Standardised Mean Difference 
(95% CI) 
p-value 
Wheat Porridges  
Particle Size Flour Kibbled   
All -0.93 (0.93) -1.15 (0.66) 0.17 (-0.03, 0.38) p=0.103 
 Gelatinised -0.41 (1.06) -0.78 (0.70) 0.32 (-0.03, 0.67) p=0.076 
 Ungelatinised -1.45 (0.28) -1.53 (0.34) 0.00 (-0.27, 0.27) p=0.981 
      
Gelatinisation Gelatinised Ungelatinised   
All -0.59 (0.90) -1.49 (0.31) 0.89 (0.60, 1.19) p<0.001 
 Flour -0.41 (1.06) -1.45 (0.28) 1.05 (0.60, 1.50) p<0.001 
 Kibbled -0.78 (0.70) -1.53 (0.34) 0.74 (0.45, 1.03) p<0.001 
Breadsb  
 100% roller-milled flour -0.77 (1.10) Reference  
 100% stoneground flour -0.94 (1.00) -0.17 (-0.49, 0.15) 0.285 
 50% kibbled wheat -0.74 (0.82) 0.03 (-0.27, 0.32) 0.869 
 30% kibbled wheat, 30% intact wheat -0.91 (1.39) -0.15 (-0.57, 0.28) 0.506 
Crackersc  
 100% roller-milled flour -1.64d (1.37) Reference 
p=0.002  30% kibbled wheat, 30% intact wheat -2.49d (1.72) -1.10 (-1.80, -0.41) 
a Standardised mean iAUC represents the number of standard deviations from the mean glucose drink iAUC  
b Results were generated using a mixed effects regression model for standardised iAUC values, adjusted for randomisation order and time taken to eat the test meal 
c Results were generated using a mixed effects regression model for standardised log-transformed iAUC values, adjusted for randomisation order and time taken to eat the test meal.  




Summary of findings 
A striking finding of these studies was the marked effect of gelatinisation on 
postprandial glycaemia when comparing the cooked wheat porridge eaten warm with the 
uncooked product. A similar effect was observed regardless of whether the meal was based on 
wheat flour or kibbled wheat. A smaller non-significant difference in postprandial glycaemia 
was observed when comparing wheat flour and kibbled wheat porridge, an effect which was 
only apparent following the consumption of the cooked (gelatinised) product. Particle size 
appeared to be an important determinant of postprandial glycaemia when comparing 
wholegrain crackers made from wheat of varying grain structure. The glycaemic response to the 
more intact cracker was 36% lower than for the less intact cracker (p=0.024). On the other 
hand, glycaemic responses to the four breads tested were similar despite the range of grain 
particle size, even though the grain particle composition of the breads with smallest and largest 
grain particle size matched that of the crackers.  
Strengths and limitations 
A unique strength of the present trials is that the effect of grain particle size on 
postprandial glycaemia was considered across a range of wholegrain wheat foods prepared 
with different processing conditions, since it is known that multiple factors, such as starch 
hydration and gelatinisation, influence glycaemic response (7-9). Furthermore, the preparation 
and formulation of wheat porridges were identical except for the differences in grain particle 
size and gelatinisation, so the effect of particle size and the effect of starch gelatinisation could 
be differentiated.   
In addition to presenting raw iAUC values, the standardised mean iAUC values are given, 
where each participant’s blood glucose iAUC to each test food is standardised to the group mean 
and standard deviation of the glucose control. These three trials were repeated in participants 
with type 2 diabetes (Ch 4) and the SM-iAUC facilitates observational comparisons between 
trials. Chapter 5 explores whether health status or processing method moderate the differences 
in glycaemic response according to grain particle size.  
Due to the acute nature of these trials, medium- to long-term health implications, such 
as changes to HbA1c, cannot be confirmed.  
Interpretation of findings 
One possible mechanism for explaining the differences found in crackers, but not 
breads, is that there was minimal opportunity for starch gelatinisation within the crackers, due 
to the very low water content (TABLE 3.4). Starch structure disrupted by gelatinisation can be 
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hydrolysed more quickly in the presence of digestive enzymes (8). With less water in crackers 
available to facilitate gelatinisation, the intact and kibbled kernels of wheat may have contained 
more starch that was less available to digestion, compared to the starch availability within the 
comparable bread. This may also explain why the SM-iAUC values for both crackers were lower 
than those of the breads (TABLE 3.8), indicating that the glycaemic response to the crackers was 
smaller.  
For the wheat porridges, degree of starch gelatinisation may have also influenced the 
degree to which particle size affected glucose iAUC. While the p-value for interaction between 
particle size and degree of gelatinisation was not significant (p=0.235), the trials were not 
powered to detect an interaction effect, and so it is inappropriate to rely on the p-value to 
determine whether or not an interaction may have existed. The difference in glycaemic 
response between kibbled wheat and wheat flour porridges was greater in the cooked condition 
compared to the uncooked condition (TABLE 3.8), which does suggest that starch gelatinisation 
moderates the effect of grain particle size. An explanation for this phenomenon is that intact 
wheat cell walls, of which more are preserved in coarse grain particles than in fine flour, limit 
the capacity for starch swelling at two distinct temperatures (50 – 70°C and 80 – 90°C) and 
therefore reduce the amount of carbohydrates leached during cooking (10). It is possible that 
for normoglycaemic individuals, starch gelatinisation was needed to highlight the differences in 
digestibility according to grain particle size, because in the ungelatinised condition, the 
glycaemic response to both kibbled wheat and what flour porridges was minimal (FIGURE 3.2), 
and in fact for several participants there was no observed rise in postprandial glycaemia (data 
not shown). It would follow that any possible differences in the glycaemic response according to 
grain particle size are difficult to establish when the food preparation condition renders the 
starch poorly digestible.  
Contrasting with prior research 
This study’s results are similar to those of the few comparable trials conducted so far 
among normoglycaemic people, in that grain particle size significantly affected glycaemic 
response in one of three trials. Of thirteen previous trials which explored the effect of grain 
particle size of wholegrain foods on glycaemic response, only four found that wholegrain foods 
with larger or more intact grains resulted in lower glycaemic responses than wholegrain foods 
with more extensively milled grains (17, 18, 22, 24). These four trials used rice (22), wheat (18), 
and oats (17, 24). Of the trials which did not find that larger grain particles resulted in 
significantly lower glycaemic responses than smaller particles, some findings did show a trend 
toward the larger grains generating lower glycaemic responses (6, 23, 25), but it is possible that 
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the low participant numbers did not provide sufficient power to detect statistically significant 
differences.  
Wholegrains which include more intact grains may provide health benefits for 
normoglycaemic people beyond those which can be measured by the acute glycaemic response. 
Of the thirteen trials which explored wholegrain particle size and its effect on the glycaemic 
response, twelve also measured postprandial insulin (6, 17, 18, 22-25, 27, 28, 65), and eight of 
these found that the postprandial insulinaemic response was lower following grains with larger 
compared with smaller particle size (6, 18, 22-25). Excessive insulin secretion may contribute to 
pancreatic 𝛽-cell exhaustion pancreatic 𝛽-cell exhaustion (11, 13-15). It was not an aim of the 
present study to measure postprandial insulin concentrations, but these findings should be 
considered when assessing the suitability of recommending wholegrain foods with larger 
compared with smaller grain particle size to people with normoglycaemia.    
Many of the previous studies among normoglycemic participants recruited young 
adults, with mean ages within the early- to mid-twenties (6, 18, 22, 26-28). While the grain 
particle size affected glycaemic response in two of these studies, (18, 22) it is known that 
glycaemic indexes of foods calculated using older adults is different from when younger adults 
are tested (88). Unfortunately, the age range of participants in the present study did not address 
this concern, so it is possible that these findings will underestimate the expected effect of 
particle size on the glycaemic response for older or people with insulin insensitivity. A prior 
study among adults ranging from age 20 – 76 (mean 48 y) shows that gelatinised wheat 
porridges made from coarse particles (> 2 mm) resulted in a 33% statistically significantly 
lower glycaemic response than gelatinised wheat porridge made fine particles (<0.2 mm) (49). 
While the wheat porridge in that study was made from debranned wheat, not wholegrain 
wheat, in other respects its wheat porridges were similar to the gelatinised wheat porridges 
used in the present study. It is possible that the differences in participant age between their 
study and the present study contribute to the two studies having different outcomes.  
An unstudied group of people are those with impaired glucose tolerance or prediabetes. 
Given that prediabetes affects an estimated 25% of New Zealanders (89), it will be useful to 
establish the effect of grain particle size on glycaemic response for this group. Furthermore, 
future studies which measure postprandial glycaemia among normoglycaemic individuals 





The health-promoting properties of dietary fibre are already well-established (1), but 
wholegrain foods which include intact grains may confer additional health benefits. For 
normoglycaemic people, wholegrain particle size had a larger effect on postprandial glycaemia 
when the wholegrain food was prepared under a dry baking condition (crackers) compared 
with a wet baking condition (bread), and the effect of particle size on postprandial glycaemia 
was greater when the starch was gelatinised rather than ungelatinised. Since this study involved 
relatively young adults, the effect of grain particle on glycaemic response may underestimate 




4 THE EFFECT OF WHOLEGRAIN PARTICLE SIZE ON GLYCAEMIC 
RESPONSE AMONG PEOPLE WITH TYPE 2 DIABETES 
 
4.1 INTRODUCTION 
Postprandial glycaemia for people with type 2 diabetes is an important determinant of 
the risk of developing diabetic complications (11). Carbohydrate quality is paramount for 
appropriate management of diabetes, and dietary recommendations primarily focus on advising 
consumption of carbohydrates high in dietary fibre and with low glycaemic index (90). This 
study investigates two further aspects of carbohydrate quality which may favourably change 
the glycaemic response: grain particle size and degree of starch gelatinisation.  
Few controlled studies have investigated the effect of grain particle size of wholegrains 
on the postprandial glycaemic response among people with type 2 diabetes, but the evidence to 
date finds that maintaining a larger compared with smaller grain particle size attenuates the 
glycaemic response (16, 19-21, 23). These trials focus on the extent to which grain particle size 
might influence glycaemia. However, other aspects of food processing, such as starch 
gelatinisation and hydration, influence glycaemic response (7, 8, 91), and it is likely that aspects 
of processing may not act in isolation to affect starch digestion. For example, gelatinised starch 
is more quickly digested, but grain particle size can influence the extent to which gelatinisation 
may take place (10). There are no studies which simultaneously examine the effect of grain 
particle size on glycaemic response as well as the effect of other aspects of grain processing.  
This series of three randomised crossover trials measures the acute glycaemic response 
to wholegrain test foods with differing grain particle size across various food processing 





4.2.1 Study design and randomisation 
Three randomised crossover trials were conducted to test the 3-h blood glucose 
response to wholegrain foods of different grain particle size across different processing 
conditions among participants with type 2 diabetes. In Trial 1, the glycaemic response to 
gelatinised and ungelatinised wheat porridges of differing grain particle size was tested. In Trial 
2, the glycaemic response to breads of differing grain particle size was tested. In Trial 3, the 
glycaemic response to crackers of differing grain particle size was tested. Within each trial, the 
glycaemic response to a glucose standard (50 g glucose in 250 mL water) was also tested. These 
trials were conducted at the University of Otago from June to November 2017 (Trail 1); from 
November 2017 to February 2018 (Trial 2), and from March to May 2018 (Trial 3). Ethical 
approval (number 179STH/41) was granted by the Health and Disability Ethics Committee. The 
study is registered (ACTRN 12617000328370).  
The sample size estimate to detect a clinically relevant 30% difference in postprandial 
glycaemia (iAUC) with 80% power to a 5% significance values was 14 participants.  Over-
recruitment to n=20 was undertaken initially, as drop-out throughout the series of studies was 
expected.   




4.2.2.1 Eligibility and Recruiting 
Participants were males and females aged 18 – 75 years who had been diagnosed with 
type 2 diabetes, who were not pregnant or breastfeeding, and who were not known to be 
allergic or intolerant to wheat or gluten. Participants were excluded if within the previous 3 
months they had changes to any medication known to influence blood glucose control, or if they 
suffered from a chronic infection.  
Participants were recruited through emails, flyers, and personal connections. All 
participants provided informed consent.  
Participants recruited at the onset of Trial 1 were asked if they were willing to take part 
in Trials 2 and 3. Additional participants were recruited for the second and third trials to 




The screening protocol is described Chapter 3, (SECTION 3.2.2.2).  
 
4.2.3 Description of wholegrain wheat foods tested 
The wholegrain test foods are described in Chapter 3 (SECTION 3.2.3) and nutrient 
analysis is reported in TABLE 3.4. Briefly, there were four wholegrain wheat porridges tested in 
Trial 1: (1) ungelatinised wheat flour porridge, (2) ungelatinised kibbled wheat porridge, (3) 
gelatinised wheat flour porridge, and (4) gelatinised kibbled wheat porridge. There were four 
wholegrain breads tested in Trial 2: (1) 100% wholegrain roller-milled flour bread, (2) 100% 
stoneground flour bread, (3) 50% kibbled wheat + 50% wholegrain roller-milled flour bread, 
and (4) 30% intact wheat + 30% kibbled wheat + 60% wholegrain roller-milled flour bread. 
There were two crackers tested in Trial 3: (1) 100% wholegrain roller-milled flour crackers, 
and (2) 30% intact wheat + 30% kibbled wheat + 60% wholegrain roller-milled flour crackers.  
Particle size analysis is described in Chapter 3 (SECTION 3.2.3.5 and TABLE 3.5).  
 
4.2.4 Testing protocol 
The blood glucose testing protocol is that same as that which is described in Chapter 3, 
except that blood glucose measures were taken for 3 hours post-meal, rather than 2, since blood 
glucose levels take longer to return to baseline among people with diabetes. This approach has 
been adopted by other researchers (92). Capillary blood samples obtained from fingerpricks 
were taken twice at baseline (time=0) to derive a mean fasting blood glucose concentration, 
with no more than 5 minutes allowed between each baseline test, and then at 15, 30, 45, 60, 90, 
120, 150, and 180 minutes from the time of meal commencement.  
 
4.2.5 Data entry and statistical analysis 
Statistical analyses were conducted using Stata/IC 16.1 (StataCorp, Texas).  
Details of the calculation of incremental area under the blood glucose curve (iAUC) and 
the standardised mean iAUC (SD-iAUC) are in Chapter 3 (SECTION 3.2.4).  
Differences between test food conditions were calculated by using a mixed effects 
regression model with SM-iAUC as the dependent variable, test food as the independent 
variable and with participant as a random effect. Robust variance structure was used.  
Randomisation order, time taken to eat the test food, and insulin use were included in the 
model. Adjustment for these variables was decided a priori. Time taken to eat has been 
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established to influence glycaemic response (85). Whether or not people were taking insulin 
was included in the statistical model because starch digestibility was expected to differ between 
products; and those using insulin would have a consistent dose for each test food, while those 
relying solely on endogenous insulin could have varied insulin production between test days.  
Mean differences, 95% CI and p-values were calculated. P<0.05 was considered 
statistically significant with no adjustment for multiple tests. Bonferroni corrections were 
considered not appropriate for the statistical analysis (86).  
To determine if there was an interaction between starch gelatinisation and particle size, 
the effects of each of these modifications are presented stratified by the other.  An interaction 
term between the two modifications was included in the iAUC model although the study was not 
powered to detect an interaction.  
FIGURES 4.2 – 4.4 were created by taking the mean of each participants’ blood glucose 
concentration at each time point, within each test food category. Because they reflect the group 
mean blood glucose concentration at each time point, they do not necessarily reflect within-
person differences, and instead are intended as a visual representation of the overall blood 
glucose patterns. 
4.2.5.1 Data preparation 
In each of Trial 1 and Trial 3, there were two instances of missing reported time-to-eat. 
Details of data imputation are detailed in Appendix A3, but in brief, the differences between the 
median time-to-eat for each test food were used to impute the participant’s missing response 
relative to their other responses. Intra-individual variation was smaller than inter-individual 
variation, so it would not have been appropriate to assign the group median time-to-eat for a 
missing response.    
In Trial 2, the medications were not recorded for one participant due to researcher 







TABLE 4.1: PARTICIPANT CHARACTERISTICS OF PEOPLE WITH TYPE 2 DIABETES FOR EACH CONSECUTIVE STUDY 
 










Mean (SD)a Mean (SD)a Mean (SD)a 
Age (years) 
 
63.1 (9.8) 63.7 (10.4) 64.4 (10.4) 
Sex (%female) 
 
38.9% 33.3% 33.3% 
HbA1c 
 
57.0 (11.5) 58.7 (13.0) 56.8 (11.8) 
BMI (kg/m2) 
 
33.0 (7.5) 32.6 (7.0) 31.8 (7.0) 
Systolic blood pressure 
(mmHg) 
 
143.8 (22.6) 145.7 (20.5) 147.1 (13.6) 
Diastolic blood pressure 
(mmHg) 
 
77.2 (14.4) 76.7 (13.3) 77.5 (13.6) 
Fat mass (%) 
Males 
36.9 (29.2)b 38.2 (28.8) 37.5 (28.9) 
Females 




112.0 (12.1) 113.0 (12.7) 110.3 (13.2) 
Females 
113.4 (20.7) 107.6 (21.8) 107.6 (21.8) 
a Unless otherwise specified 
b Two participants (one male, one female) were not able to have body composition measures taken. One had a 
pacemaker, so bioelectrical impedance for measuring body composition was not appropriate, and for the 
other participant the machine inexplicably did not work despite four attempts.  
 
Twenty-one individuals were screened and also completed at least one of the three 
studies. Eighteen participants completed Trial 1, fifteen completed Trial 2, and fifteen 
completed Trial 3. Four did not complete any trial. FIGURE 4.1 shows the flow of participants 
through each consecutive trial. Of the participant groups as a whole (across all trials), 74% were 
NZEO or white, 13% were Māori or Cook Island Māori, 17% were Māori and NZEO, and 13% 
were Pacific, South East Asian, or South Asian.  
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FIGURE 4.2: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSE TO FOUR WHEAT PORRIDGES OF DIFFERENT GRAIN PARTICLE SIZE AND 
PROCESSING CONDITIONS, AND A GLUCOSE STANDARD, EACH PROVIDING 50 G AVAILABLE CARBOHYDRATE, AMONG PEOPLE WITH TYPE 
2 DIABETES. THIS FIGURE IS INTENDED TO ILLUSTRATE POSTPRANDIAL GLYCAEMIC RESPONSE PATTERNS; ERROR BARS ARE NOT 
INCLUDED TO AVOID INAPPROPRIATE INFERENCE GIVEN THIS IS A CROSSOVER TRIAL.  
 
 
FIGURE 4.3: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSE TO FOUR BREADS OF DIFFERENT GRAIN PARTICLE SIZE AND PROCESSING 
CONDITIONS, AND A GLUCOSE STANDARD, EACH PROVIDING 50 G AVAILABLE CARBOHYDRATE, AMONG PEOPLE WITH TYPE 2 DIABETES. 
THIS FIGURE IS INTENDED TO ILLUSTRATE POSTPRANDIAL GLYCAEMIC RESPONSE PATTERNS; ERROR BARS ARE NOT INCLUDED TO AVOID 




FIGURE 4.4: MEAN POSTPRANDIAL BLOOD GLUCOSE RESPONSE TO TWO CRACKERS OF DIFFERENT GRAIN PARTICLE SIZE AND 
PROCESSING CONDITIONS, AND A GLUCOSE STANDARD, EACH PROVIDING 50 G AVAILABLE CARBOHYDRATE, AMONG PEOPLE WITH TYPE 
2 DIABETES. THIS FIGURE IS INTENDED TO ILLUSTRATE POSTPRANDIAL GLYCAEMIC RESPONSE PATTERNS; ERROR BARS ARE NOT 




The mean iAUC (mmol×min/L) of the glucose standards was 731 (SD 279) for Trial 1; 
813 (SD 323) for Trial 2 (Breads); and 795 (SD 343) for Trial 3.  
Wheat porridges 
Postprandial blood glucose responses to the wheat porridges are shown in TABLE 4.2 
and TABLE 4.3.  
Regardless of starch gelatinisation, the kibbled wheat porridge had a significantly lower 
blood glucose response than the wheat flour porridge (standardised mean difference 0.92 (95% 
CI: 0.54, 1.30), p<0.001). The effect of gelatinisation was similar, where the blood glucose 
response to the gelatinised wheat porridge was significantly higher than the ungelatinised 
wheat porridge (1.01 SM-iAUC (95% CI 0.71, 1.30), p<0.001).  
The effect of grain particle size on the glycaemic response was similar for both 
gelatinised and ungelatinised conditions. A statistically significant synergistic effect for grain 
particle size and gelatinisation was not detected (p=0.835); however, the trial was not powered 
to detect a statistically significant interaction. Nevertheless an interaction was not indicated. 
The median time-to-eat was 5.7 minutes (IQR 4.6 – 7.6) for the ungelatinised wheat 
flour porridge; 10.0 minutes (IQR 8.8 – 11.7) for the ungelatinised kibbled wheat porridge; 9.0 
minutes (IQR 8.0 – 10.3) for the gelatinised wheat flour porridge; and 10.0 minutes (IQR 9.5 – 
12.0) for the gelatinised kibbled wheat porridge.  
Adjusting for time-to-eat strengthened the effect of particle size on glycaemic response 
and attenuated the effect of gelatinisation on glycaemic response. Whether or not participants 
took insulin did not influence the effect of either particle size or gelatinisation on glycaemic 




TABLE 4.2: BLOOD GLUCOSE 180-MIN IAUC (MEAN, SD) FOR WHEAT PORRIDGES PREPARED UNDER DIFFERENT PROCESSING 











Wheat Porridges  
Particle Size Flour Kibbled   
All 405.0 (277.9) 231.6 (210.5) 256.0 (149.8, 362.3) <0.001 
 Gelatinised 535.4 (310.6) 369.0 (209.3) 187.0 (54.4, 319.6) 0.006 
 Ungelatinised 274.5 (162.6) 94.1 (86.4) 236.6 (142.6, 330.5) <0.001 
Gelatinisation Gelatinised Ungelatinised   
All 452.2 (274.4) 184.3 (157.6) 280.6 (199.0, 362.2) <0.001 
 Flour 535.4 (310.6) 274.5 (162.6) 218.9 (94.5, 343.4) 0.001 
 Kibbled 369.0 (209.3) 94.1 (86.4) 268.5 (184.4, 352.7) <0.001 
a Results were generated using a mixed effects regression model for standardised iAUC values, adjusted for 
randomisation order, time taken to eat the test meal, and whether or not the participant took insulin.  
 
TABLE 4.3: BLOOD GLUCOSE STANDARDISED MEAN IAUC (SM-IAUC) (MEAN, SD) FOR WHEAT PORRIDGES PREPARED UNDER 












Wheat Porridges  
Particle Size Flour Kibbled   
All -1.17 (1.00) -1.79 (0.76) 0.92 (0.54, 1.30) <0.001 
 Gelatinised -0.70 (1.11) -1.30 (0.75) 0.67 (0.20, 1.15) 0.006 
 Ungelatinised -1.64 (0.58) -2.28 (0.31) 0.85 (0.51, 1.19) <0.001 
Gelatinisation Gelatinised Ungelatinised   
All -1.00 (0.98) -1.96 (0.57) 1.01 (0.71, 1.30) <0.001 
 Flour -0.70 (1.11) -1.64 (0.58) 0.79 (0.34, 1.23) 0.001 
 Kibbled -1.30 (0.75) -2.28 (0.31) 0.96 (0.66, 1.27) <0.001 
a Standardised iAUc represents the number of standard deviations from the mean glucose drink iAUC 
b Results were generated using a mixed effects regression model for standardised iAUC values, adjusted for 






Postprandial blood glucose responses to the four breads are shown in TABLE 4.4 and 
TABLE 4.5.  
The blood glucose response to the bread with largest mean grain particle size (30% 
kibble, 30% intact wheat) was significantly lower than the 50% kibble bread (p=0.011), 
stoneground bread (p=0.024), and 100% roller-milled flour bread (p<0.001). The largest 
difference was between the two breads with largest and smallest mean grain particle size (30% 
kibble, 30% intact vs 100% roller-milled flour bread), with standardised mean difference -0.83 
(95% CI -1.31, -0.36) SM-iAUC. There was no difference in blood glucose response to the 100% 
roller-milled flour bread and the 50% kibbled wheat bread. The blood glucose response to the 
stoneground bread was significantly lower (p=0.020) than the 100% roller-milled flour bread, 
(mean difference -0.43 (95% CI -0.79, -0.07) SM-iAUC).  
The median time-to-eat was 14.3 minutes (IQR 9.5 – 24.3) for the 100% roller-milled 
flour bread; 13.7 minutes (IQR 9.8 – 23.6) for the 100% stoneground flour bread; 15.6 minutes 
(IQR 10.0 – 19.8) for the 50% kibbled wheat + 50% roller-milled flour bread; and 10.0 minutes 
(IQR 9.3 – 15.2) minutes for the 30% intact wheat + 30% kibbled wheat + 40% roller-milled 
flour bread.  
Adjusting for time-to-eat and whether or not participants took insulin did not influence 




TABLE 4.4: BLOOD GLUCOSE 180-MIN IAUC (MMOL×MIN/L) (MEAN, SD) FOR BREADS OF DIFFERING MEAN PARTICLE SIZE AMONG 



















































A RESULTS WERE GENERATED USING A MIXED EFFECTS REGRESSION MODEL FOR STANDARDISED IAUC VALUES, ADJUSTED FOR 
RANDOMISATION ORDER, TIME TAKEN TO EAT THE TEST MEAL, AND WHETHER OR NOT THE PARTICIPANT TOOK INSULIN. 
 
TABLE 4.5: BLOOD GLUCOSE STANDARDISED MEAN IAUC (SM-IAUC) (MEAN, SD) FOR BREADS OF DIFFERENT MEAN PARTICLE SIZE 
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a Standardised iAUc represents the number of standard deviations from the mean glucose drink iAUC 
b Results were generated using a mixed effects regression model for standardised iAUC values, adjusted for 




Postprandial blood glucose responses to the crackers are shown in TABLE 4.6.  
The blood glucose response to the cracker with larger mean grain particle size was 
significantly lower than the cracker with the smaller mean grain particle size, (standardised 
mean difference 0.46 (95% CI: 0.12, 0.81) SM-iAUC, p=0.009).  
The median time-to-eat was 14.5 minutes (IQR 13.3 – 23.4) for the 100% roller-milled 
flour cracker and 15.0 minutes (IQR 12.3 – 24.1) for the 30% intact wheat + 30% kibbled wheat 
+ 40% roller-milled flour cracker.  
Adjusting for whether or not participants took insulin did not influence the effect of 
particle size on glycaemic response. Adjusting for time-to-eat did not substantially change the 
comparison by particle size (the mean difference in SM-iAUC pre-adjustment was 0.43 (-0.78, -
0.09)) (Appendix A4). 
 
 
TABLE 4.6: BLOOD GLUCOSE 180-MIN IAUC AND STANDARDISED MEAN IAUC (SM-IAUC) (MEAN, SD) FOR CRACKERS OF 



























387.8 (284.5) -1.19 (0.83) 
a Results were generated using a mixed effects regression model for raw iAUC values, adjusted for 
randomisation order, time taken to eat the test meal, and whether or not the participant took insulin. 
b Standardised iAUc represents the number of standard deviations from the mean glucose drink iAUC 
c Results were generated using a mixed effects regression model for standardised iAUC values, adjusted for 






Summary of findings 
Wholegrain wheat foods with larger median grain particle size generated a lower 
postprandial glycaemic response among people with type 2 diabetes, compared to wholegrain 
foods with smaller median grain particle size. This effect was observed regardless of the method 
of food processing. The glycaemic response to kibbled wheat porridge was significantly lower 
than that of wheat flour porridge, and the effect of particle size on glycaemic response was 
similar for the ungelatinised and the gelatinised food processing conditions. Crackers which had 
60% of the flour content replaced with equal portions kibbled and intact wheat generated a 
significantly lower blood glucose iAUC than crackers made with 100% fine roller-milled flour. 
The same effect was found when breads with grain blends matching those of the two crackers 
were compared. The glycaemic response to a bread made with coarse stoneground flour was 
lower than the glycaemic response to the bread made with fine roller-milled flour. However, 
there was no difference in glycaemic response to a bread with 50% of the flour replaced with 
kibbled wheat compared to the bread made with 100% roller-milled flour, despite the 
considerable differences in grain particle size between the two breads.   
Strengths and limitations 
A strength of the present series of trials is that the effect of grain particle size on 
glycaemic response is examined across a range of food processing methods which can each 
independently affect glycaemic response. These three trials were repeated in participants with 
normal glucose tolerance (Chapter 3).  
Both the raw blood glucose iAUC and the SM-iAUC (standardised mean iAUC) are 
presented. For the SM-iAUC each participant’s blood glucose iAUC to each test food was 
standardised to the group mean and standard deviation of the glucose control. By using SM-
iAUC, observational comparisons between the trials are possible, helping to identify whether 
health status or processing method moderate the differences in glycaemic response relating to 
differences in grain particle size. This is discussed in detail in Chapter 5.  
Due to the acute nature of these trials, medium- to long-term health implications, such 
as changes to HbA1c, cannot be confirmed.  
Comparison with previous similar studies 
These results are similar to those of the few comparable studies previously conducted 
among participants with type 2 diabetes, which found that consuming a wholegrain food 
including some grain with intact structure resulted in a lower blood glucose iAUC compared 
with consumption of foods containing only finely milled grain (16, 19-21, 23). Most of these 
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studies used acute controlled settings to assess glycaemic response to set test meals (19-21, 23), 
while one randomised crossover study was conducted in a free-living setting where glycaemic 
response was recorded via continual glucose monitoring (16). Two studies (16, 19) considered 
grain particle size within a complete diet, where various sources of carbohydrate were either 
kept as intact as possible or ground or milled into smaller particles. While both found that there 
were lower glycaemic responses to the diets containing more intact grains, it is not possible to 
clearly identify whether specific aspects of grain processing mediated the results. None of the 
prior studies examine whether the effect of grain particle size in wholegrain food is moderated 
by food processing conditions, such as starch gelatinisation.  
Description of unexpected findings for breads and context with previous research 
Grain particle size of the test breads did not predict glycaemic responses in the way that 
was expected. The bread made from fine flour and kibbled wheat in a 1:1 ratio did not reduce 
the glycaemic response compared to the bread made from fine flour; however, the bread made 
from coarse stoneground flour resulted in a lower glycaemic response compared to the bread 
made from fine flour. Consumption of the stoneground flour bread resulted in a lower glycaemic 
response compared to the 50% kibbled wheat + 50% fine flour bread, even though coarse 
stoneground flour had a smaller median particle size than the blend of 50% kibbled wheat and 
50% fine flour.  
The proportion of fine flour (<150 µm) may help explain the findings for the 
stoneground flour and 50% kibbled wheat breads. The particle size distribution of the 
stoneground flour was centred toward the intermediate grain sizes (approx. 450 µm) while the 
distributions of grain particles for the blend of kibbled wheat and fine flour were skewed 
towards the largest (>1680 µm) and smallest (<150 µm) sized particles (TABLE 3.5). Milling, to 
produce flour, damages the individual cell walls in the grains; particles of 85±5 μm have almost 
no undamaged cell walls remaining, but clusters of intact cells remain in medium (mean size 
330±5 μm) and coarse particles (mean size 705 ± 5 μm) of flour (10). Undamaged cell walls 
protect the starch within by limiting both starch gelatinisation during food processing and 
enzymatic degradation during digestion. The coarse stoneground flour had 9% of particles 
below 150 µm, while the blend of kibbled wheat and fine wheat flour had nearly 40% of 
particles <150 µm. There are two possible reasons why there was little difference in the 
glycaemic response to the bread made from 50% kibbled wheat and 50% roller-milled flour and 
the bread made from roller-milled flour. Firstly the 50% kibbled wheat + 50% roller-milled 
flour bread had a high proportion of fine particles (<150 μm), which could be rapidly digested 
and absorbed, in addition to the larger particles. Secondly, the kibbled wheat was hydrated by 
pre-soaking overnight prior to incorporation into the dough and subsequent baking. The 
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hydrated grains might have been gelatinised more quickly than grains not soaked prior to 
mixing. The stoneground flour had 25% of particles over 850 µm, and without pre-soaking it is 
possible that the capacity for gelatinisation was limited in these larger particles.  
The bread including both kibbled and intact grains and fine flour also had a relatively 
high proportion of fine particles (31% <150 µm), yet the glycaemic response was lower than the 
100% stoneground flour bread which included only 9% fine particles. It is possible that the 
inclusion of unbroken, intact grains reduced the glycaemic response in comparison with the 
three other breads tested. Hydration and gelatinisation are limited for intact grains despite pre-
soaking, since the wheat kernels were unbroken. Furthermore, the intact grains may have been 
more difficult to chew than the kibbled grains. The median time taken to eat for the most intact 
bread was 10 minutes, while for the other three breads it was approximately 14 – 16 minutes, 
suggesting that more intact bread was not chewed for as long. Chewing plays an important role 
in mechanically breaking down grains prior to enzymatic digestion in the mouth and 
gastrointestinal tract, thus failure to chew the intact grains fully would result in slower 
digestion and lower availability of starches.  
The present trial minimised the extent of pre-processing of the intact and cracked grains 
while maintaining a palatable product, since grains were pre-soaked rather than pre-cooked. 
While the processing methods within the breads trial differed between the 100% flour breads 
and the breads including intact and kibbled wheat, it was important to include palatable 
wholegrain products that are similar to those which are commercially available. The trial which 
compared the wheat porridges used identical preparation methods (either cooked or uncooked) 
for both kibbled wheat and wheat flour porridges, but these products were not considered 
palatable (reported in Chapter 6) and are more useful than Trial 2 (Breads) for exploring the 
effect of particle size and the effect of starch gelatinisation.  
The present study provides confirmation that grain particle size has an important effect 
on glycaemic responses to wholegrain foods in people with type 2 diabetes, irrespective of 
processing method. The findings are similar to those observed in a previous study (23), which 
found that among people with type 2 diabetes the glycaemic response to bread made from 
coarse flour was significantly lower, compared to bread made from a fine flour. Another study 
among people with type 2 diabetes compared the glycaemic index (GI) of a 100% wheat flour 
bread with a bread made with 50% bulgur + 50% flour, a bread made with 75% bulgur + 25% 
flour, and a 100% bulgur wheat test meal (21). There was a significant trend to glycaemic index 
decreasing as grain particle size increased, but the GI of the 100% wheat flour bread (GI 92) 
was not significantly different from the GI of the 50% bulgur wheat bread (GI 83) – similar to 
how the 50% kibbled wheat bread in the present study did not result in a lower glycaemic 
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response compared to the 100% roller-milled flour bread. However, the study by Jenkins et al. 
(1988) reported that at a higher proportion (75%) of bulgur, the GI was significantly lower than 
a bread made from 100% wholegrain flour (21). 
The present study suggests that the grain particle size distribution may be more useful 
than median grain particle size to predict the postprandial glycaemic response among people 
with type 2 diabetes. It is important to minimise the proportion of fine grain particles (<150 
µm) in favour of medium to large particles, and a product containing predominantly medium 
size particles (425 – 850 µm) may reduce the glycaemic response to a greater extent than a 
product containing both large (>1680 µm) and fine particles. Furthermore, the consumption of 
unbroken grains is particularly effective in reducing the postprandial glycaemic response.   
4.5 CONCLUSION 
The present study confirms that for people with type 2 diabetes, the effect of grain 
particle size of wholegrain foods on glycaemic response exists across a range of processing 
conditions – ungelatinised hydrated starch, gelatinised starch, wet baking (breads), and dry 
baking (crackers). By choosing intact grains and products with minimal fine flour, people with 
type 2 diabetes can benefit from the health-promoting properties of wholegrain carbohydrates 
while avoiding the detrimental effects of high blood glucose responses. This emphasises the 
importance of more precise dietary advice regarding choice of carbohydrate than is currently 




5 DOES DEGREE OF GLUCOSE INTOLERANCE AND THE FOOD 
PROCESSING METHOD MODERATE THE EFFECT OF GRAIN 
PARTICLE SIZE ON THE GLYCAEMIC RESPONSE? 
 
This chapter will explore the following questions by comparing and contrasting results from 
Chapters 3 and 4, which explore the effect of wholegrain particle size on glycaemic response 
among people without and with type 2 diabetes, respectively: 
(1) Does the degree of glucose intolerance moderate the effect of grain particle size on 
glycaemic response?  
(2) Does the food processing method moderate the effect of grain particle size on glycaemic 
response?  
(3) Is grain particle size distribution related to the glycaemic response?  
 
5.1.1 Effect of grain particle size in relation to degree of glucose 
intolerance 
Differences in grain particle size appear to have the largest effects on postprandial 
glycaemic response among people with type 2 diabetes compared to people with normal 
glucose tolerance. Among people with type 2 diabetes, wholegrain wheat porridges (both 
gelatinised and ungelatinised), breads, and crackers of larger grain particle size resulted in a 
substantial and statistically significantly lower blood glucose iAUC compared to identical foods 
but made with smaller grain particle sizes.  In contrast, among people with normal glucose 
tolerance, a larger compared with smaller grain particle size resulted in significantly lower 
blood glucose iAUC for crackers, but not for wheat porridges and breads.  
To aid in observational comparisons between participant groups and among trials, the 
standardised mean iAUC (SM-iAUC) describes the blood glucose iAUC to each test food as the 
number of standard deviations the test food’s iAUC was from the mean iAUC of the glucose control . 
The SM-iAUC was calculated by subtracting the mean iAUC of the glucose control from the iAUC 
of the test food, and dividing the result by the standard deviation (SD) of the glucose control. By 
standardising the blood glucose iAUC’s of the test foods to the mean and standard deviation of 
the glucose control iAUC’s, it is possible to conceptualise the blood glucose iAUC of the test food 
compared to glucose control, while still accounting for wide variability typically seen in the 
blood glucose iAUC among individuals (93). For example, if a test food has the SM-iAUC of -1.00, 
the difference in mmol×min/L between the test food’s iAUC and the iAUC of the glucose control 
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is equivalent to the standard deviation of the mean of the glucose control. This suggests that 
when the mean difference between two test foods is approximately 1.00 SM-iAUC or greater, the 
difference could be considered ‘large’ since it is greater than the standard deviation of the 
glucose control (which for the present studies was similar to or larger than most SD’s of the test 
foods). By contrast, when the mean difference between two test foods is closer to zero than to 
one SM-iAUC, the difference could be considered small, as it is well within the range of the 
expected variability among test foods.  
TABLE 5.1 and FIGURE 5.1 show the SM-iAUC’s to each test food for both participants with 
normal glucose tolerance and participants with type 2 diabetes obtained in this study. Relative 
to the glucose control, the breads tended to have higher glycaemic responses than the wheat 
porridges or crackers, with the exception of the bread made from 30% intact wheat + 30% 




TABLE 5.1: SM-IAUC (MEAN, SD) FOR EACH TEST FOOD FOR EACH PARTICIPANT GROUP (PEOPLE WITH NORMAL GLUCOSE 
TOLERANCE AND PEOPLE WITH TYPE 2 DIABETES) 
Trial 1 Test food 









Ungelatinised kibbled wheat porridge -1.53 (0.34) -2.28 (0.31) 
Gelatinised kibbled wheat porridge -0.78 (0.70) -1.30 (0.75) 
Ungelatinised wheat flour porridge -1.45 (0.28) -1.64 (0.58) 
Gelatinised wheat flour porridge -0.41 (1.06) -0.70 (1.00) 
Trial 2 
(Breads) 
100% roller-milled flour bread -0.77 (1.10) -0.53 (1.16) 
100% stoneground flour bread -0.94 (1.00) -0.96 (1.02) 
50% kibbled wheat + 50% roller-milled flour 
bread 
-0.74 (0.82) -0.67 (1.06) 
30% intact wheat + 30% kibbled wheat + 
40% roller-milled flour bread 
-0.91 (1.39) -1.37 (0.88) 
Trial 3 
(Crackers) 
100% roller-milled flour cracker -1.61 (1.35) -0.75 (0.84) 
30% intact wheat + 30% kibbled wheat + 
40% roller-milled flour cracker 
-2.45 (1.69) -1.19 (0.83) 
aNote that the closer the SM-iAUC is to zero, the larger the glycaemic response to the food (since it represents 





FIGURE 5.1: SM-IAUC OF EACH TEST FOOD FOR EACH PARTICIPANT GROUP 
For descriptive purposes, purposes, the mean glycaemic response to each test food is shown standardised 
against the mean glucose control relevant to each participant group. Larger shaded boxes represent lower 
variance. This figure intended to serve as a visual summary. 
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The participants with normal glucose tolerance (Chapter 3) were not representative of 
the general New Zealand population. Most were young (mean age ~26 y (SD ~5 y)), most were 
not obese (mean BMI 25 – 26 kg/m2, (SD ~5)), were not hypertensive (87), and their waist 
circumference was mostly within the recommended levels (94) (TABLE 3.6). Of the 
normoglycaemic people who participated in one or more of the trials, 96% had either achieved 
one or more tertiary qualifications or were currently enrolled at university, and 92% achieved 
30 or more minutes of physical activity per day. In contrast to those with normoglycaemia, 
participants with type 2 diabetes were older (mean age 63 – 64 y (SD ~10 y)), most were obese 
(mean BMI 32 – 33 kg/m2, (SD ~7)), and their mean waist circumference was higher than 
recommended (94) (TABLE 4.1).  
The differences in grain particle size resulted in larger differences in glycaemic response 
among people with type 2 diabetes compared to people with normal glucose tolerance, so it 
raises the question whether people with elevated cardiometabolic risk factors but otherwise 
normal glucose tolerance would experience more consistent or larger glycaemic improvements 
from choosing wholegrain foods including intact and kibbled grains and coarsely milled flour. 
Older people (56 – 86 y) experience a higher blood glucose iAUC and generate higher GI values 
for foods, compared to younger individuals (19 – 32 y) (29), so the present study’s findings for 
normal glucose tolerant individuals may underestimate the expected effect on glycaemic 
responses compared to those which older, less insulin sensitive people with normal glucose 
tolerance might experience.  
Many of the previous studies that have investigated the effect of grain particle size in 
wholegrain foods on the postprandial blood glucose and/or insulin response among normal 
glucose tolerant people recruited young individuals with mean age in the mid-twenties (y) (6, 
18, 22, 26-28). Even though the prior research among younger people does not consistently 
demonstrate lower glycaemia in response to larger wholegrain particles, it would be remiss to 
consider grain particle size ‘not important’ for all younger normoglycaemic people. Two prior 
studies among younger normoglycaemic participants demonstrated that larger grain particle 
sizes generated lower glycaemic responses than foods with smaller grain particle size (18, 22), 
and the present study shows comparable findings when wholegrains were prepared under dry 
baking conditions. Furthermore, the majority of prior studies also show that consumption of 
wholegrain foods containing larger compared with smaller grain particles result in reduced 
postprandial insulinaemia (6, 18, 22-25). Elevated postprandial glycaemia and insulinaemia is a 
risk factor for type 2 diabetes, coronary heart disease, and all-cause mortality (1, 11, 12, 61, 62). 
The consumption of more intact wholegrains is likely to be beneficial to the longer-term 
metabolic health of young, normoglycaemic people; but the consumption of more intact 




5.1.2 Is the effect of grain particle size moderated by the mode of 
food preparation?  
The trials described in Chapters 3 and 4 demonstrate how food processing or 
preparation impacts on glycaemic response in addition to the effects of particle size. The series 
of trials were designed to examine the effect of grain particle size on glycaemic response under 
four different food processing conditions: ungelatinised hydrated grain, gelatinised grain, wet 
baking (breads) and dry baking (crackers). It was hypothesised that these processing conditions 
would influence the rate of starch digestion and potentially meditate any effects of grain particle 
size.  
For people with type 2 diabetes, wholegrain foods including larger or more intact grains 
decreased the postprandial glycaemic response, compared to wholegrain foods with smaller 
grain particle size. This effect was evident across all distinct food processing conditions. 
However, for normoglycaemic individuals, food processing method appeared to moderate the 
effect of grain particle size.  
Effect of grain particle size in the context of wet versus dry baking  
For normoglycaemic individuals, crackers with larger grain particles resulted in lower 
glycaemic responses than crackers made with smaller particles, whereas there was no 
difference in effects with breads made with a similar range of particle size. The trials involving 
crackers examined the effect of a relatively dry baking process. Kibbled and intact grains were 
pre-soaked for palatability but the opportunity for starch gelatinisation was limited during the 
baking process.  The trials involving breads examined the effect of a wet baking process. As with 
crackers, kibbled and intact grains were pre-soaked, but additional water was used to form a 
dough. The moisture content of the baked crackers was less than 3%, while the breads 
contained between 40% and 47% water (TABLE 3.4). The availability of moisture will affect the 
extent to which starch may gelatinise during baking (95). Starch gelatinisation describes the 
swelling of starch granules in the presence of heat, and fully gelatinised starch has no remaining 
starch granules but instead the starch forms a continuous gel (96). Gelatinisation of 100% of the 
starches contained in the kibbled and intact grains is unlikely during the baking of breads and 
crackers. The extent of partial starch gelatinisation will be influenced by water availability 
which is different in the preparation of breads versus crackers, and results in the occurrence of 
greater starch gelatinisation in breads. Due to differences in the extent of gelatinisation, starch 
within the kibbled and intact grains of the crackers was likely less accessible to digestive 
enzymes than the starch within the kibbled and intact grains of the breads, which may explain 
the lower glycaemic response to crackers compared to breads. Another possible effect of 
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processing is that the consequence of less starch gelatinisation occurring in intact and kibbled 
wheat crackers may have resulted in harder grains which were more difficult to break down 
with chewing than the softer gelatinised starches produced in intact and kibbled grains within 
the breads.   
For people with type 2 diabetes, the effect of grain particle size according to dry baking 
versus wet baking was different from that observed for normoglycaemic individuals. Among 
participants with type 2 diabetes, a larger compared with smaller grain particle size resulted in 
a significantly lower glycaemic response for both breads and crackers. The difference in 
glycaemic response between the most intact and the least breads was larger than the difference 
in glycaemic response between the most intact and the least intact crackers (TABLE 4.5 and 
TABLE 4.6, respectively).  
The difference in glycaemic responses of people with type 2 diabetes versus people with 
normal glucose tolerance to the grain particle size in wet versus dry baking are interesting, but 
cannot be definitively explained by this study. Determining whether these differences have a 
physiological or metabolic explanation could be useful for developing wholegrain foods with 
optimal health benefits for different groups. Nevertheless, the findings of the present study 
show that grain particle size is an important modifier of glycaemic responses to wholegrain 
foods produced under a range of processing conditions regardless of glucose tolerance status.  
Effect of grain particle size in the context of ungelatinised versus gelatinised starch 
The wheat porridges examined the effect of hydrated grain, both ungelatinised 
(uncooked) and gelatinised (cooked and served hot) by grain particle size (kibbled wheat 
compared to finely milled flour). Moisture content of the wheat porridges ranged from 64 – 
65% water (TABLE 3.4). The trials were not powered to detect the interaction between the effect 
of grain particle size and the effect of processing method on the glycaemic response, but the 
effect of grain particle size may be contrasted observationally between ungelatinised and 
gelatinised conditions.  
Among participants with normal glucose tolerance, the difference in SM-iAUC between 
the ungelatinised kibbled wheat and wheat flour porridges was 0.00 (95% CI: -0.27, 0.27), while 
the difference between the gelatinised kibbled wheat and wheat flour porridges was 0.32 (95% 
CI: -0.03, 0.67) (p=0.076). Gelatinisation had a substantial and significant effect on grain particle 
size. After consumption of the ungelatinised wheat porridges, blood glucose concentrations 
increased very little from baseline levels (FIGURE 3.2), so any effect of grain particle size may be 
too small to detect. In contrast, for participants with type 2 diabetes the effect of gelatinisation 
on blood glucose iAUC was similar to the effect of grain particle size (mean difference 0.92 SM-
iAUC between kibbled wheat porridges and wheat flour porridges, and mean difference 1.01 
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SM-iAUC between gelatinised and ungelatinised wheat porridges) (TABLE 4.3). For those with 
type 2 diabetes there was no evidence that the degree of starch gelatinisation moderated the 
effect of grain particle size on the glycaemic response. This finding does align with the finding 
from an in vitro study which examined the terminal extent of gelatinisation for both durum 
wheat and chickpea at five different grain particle sizes ranging from <0.21 mm to 2.58 mm 
(73). For chickpea, the terminal extent of gelatinisation decreased as particle size increased, but 
for durum wheat all starch at all grain particle sizes was gelatinised. The proposed reason for 
difference was that cell walls of legumes are thicker and more mechanically resistant than the 
cell walls of cereal grains (73, 96).   
Despite the thin cell walls of wheat, it is clear that starch in the centre of large pieces of 
grain is resistant to digestion, even when it has been gelatinised (10). This was demonstrated 
well in a crossover study where nine participants with ileostomies consumed wheat porridge 
made from coarse particles (>2 mm) and wheat porridge made from fine particles (<0.2 mm) 
(73). Over ten hours following meal consumption, participants’ ileal output contained intact 
wheat particles of ~2 mm diameter with undigested starch at the centre of these particles. 
Similar findings have been observed in other studies among participants with ileostomies. In a 
study that examined the digestion of barley products among participants with ileostomies, 17% 
of the starch in flapjacks made from barley flakes resisted digestion, whereas in flapjacks made 
from barley flour only 2% of starch was undigested in the ileal output (97). The undigested 
starch in the flapjacks made from barley flakes was found primarily encapsulated by cell walls. 
Another similar study showed that consumption of scones made from coarse flour resulted in 
42% more unabsorbed starch in the ileal output collected over 8 hours post-meal, compared to 
scones made from fine flour (23).  
The trials described in Chapters 3 and 4 are consistent in showing that the food 
preparation or processing conditions do affect the postprandial glycaemic response. However, 
whether or not the food preparation conditions moderate the effect of grain particle size on 
glycaemic response may be dependent on the degree of glucose intolerance. For people with 
type 2 diabetes, differences in grain particle size affected the blood glucose iAUC under all 
processing conditions tested. For people with normal glucose tolerance, differences in grain 
particle size affected postprandial glycaemia under a wet-baking condition, but not under a dry-
baking condition; and the effect of grain particle size on glycaemia was larger when starch was 




5.1.3 Does the distribution of various grain particles sizes affect 
glycaemic response?  
The study design described in Chapters 3 and 4 facilitated measurement of the effects of 
a broad range of wholegrain particle sizes and particle size distributions on glycaemic response. 
Breads were made from finely milled flour (median size <150), coarsely milled flour (median 
size 425 – 849 µm), a 1:1 combination of finely milled flour and kibbled grain (median size 850 
– 1679 µm for the blend), and a combination of 40% finely milled flour, 30% kibbled grain, and 
30% intact wheat kernels (median size >1680 µm for the blend). For kibbled wheat alone (used 
in the wheat porridges), over 90% of particles were >1680 µm (TABLE 3.5).  
Amongst people with type 2 diabetes, the most effective bread for lowering the 
postprandial glycaemic response was the one containing both intact and kibbled wheat, as 
expected. However, the bread made from coarsely milled stoneground flour was more effective 
than the 50% kibbled wheat bread in lowering the glycaemic response, even though the median 
particle size of the coarse flour was smaller than the blend of kibbled wheat and fine flour. 
Reference to mean or median grain particle size may not be the optimal way to describe the 
particle size composition of grains in wholegrain foods. Instead, the distribution of grain 
particles at different sizes may explain the differences in glycaemic response to the wholegrain 
breads.  
Proportion of finely milled flour and the glycaemic response 
There are a number of explanations for why consumption of finely milled flour can 
result in a higher glycaemic response, compared to larger particles of flour or grain. The average 
size of a wheat endosperm cell is 100 – 150 µm, so flour with particle size <150 µm is most 
likely to have no undamaged cell walls remaining (10, 49) hence starch is more susceptible to 
enzymatic digestion due to the lack of a protective cell wall barrier (10). Furthermore, intact cell 
walls limit the extent of starch gelatinisation during cooking that may occur due to physical 
limitations, and this mechanism is amplified for grain particles that are large enough (i.e. ~710 
µm) to contain clumps of cells with undamaged cell walls (8, 10). In addition, finely milled flour 
may include a larger proportion of damaged starch than coarser flour, and damaged starch is 
more susceptible to greater water absorption and more rapid digestion than undamaged starch 
(10). It therefore seems unusual that the bread made with 50% kibbled wheat (with a 
substantial proportion of particles large enough to contain clumps of undamaged cells) had a 
glycaemic response similar to the bread made with 100% fine flour (which likely had no 
remaining undamaged cell walls), while the coarsely milled flour bread had a lower glycaemic 
response than both the bread made from 100% fine flour and the bread made from 50% 
kibbled wheat + 50% fine flour.  
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The proportion of finely milled flour in a wholegrain food may result in a higher 
glycaemic response, even when kibbled grains are also present. The 50% kibbled wheat + 50% 
fine flour grain blend had a high proportion of fine grain particles (<150 µm) as well as high 
proportion of large particles (>1680 µm), while the particle size distribution of the stoneground 
flour was centred toward the ‘medium’ size particles (425 – 849 µm) and contained only 8.5% 
of particles below 150 µm. A separate randomised crossover study supports the concept that 
minimising fine flour particles (<150 µm) may be integral in lowering the glycaemic response 
(16). For this study, breads of different grain particle size were included in a 2-week dietary 
intervention study comparing largely intact wholegrain foods (whole oats, brown rice, kibbled 
wheat bread) with finely milled wholegrain foods (instant oats, brown rice pasta, wholegrain 
flour bread). The bread made from 100% fine flour used in the ‘extensively milled grains’ arm of 
the trial, and for the ‘largely intact grains’ arm, the bread was comprised of 50% kibbled grain 
and 50% coarse flour, therefore minimising the percentage of fine flour particles (<150 µm). 
The post-breakfast glycaemic response (measured by continuous glucose monitor each day) 
was 9% lower in the intact wholegrain diet compared to the finely milled wholegrains diet. 
Since breads were most frequently eaten earlier in the day, it is likely that the 50% kibbled 
grain + 50% coarsely milled flour bread contributed to the post-breakfast glycaemic-lowering 
effects of the intact grain diet. Importantly, the difference between the bread used in the study 
by Aberg et al. (2020) and the bread used in the present study was the difference in proportion 
of fine flour particles, but the proportion of kibbled wheat was the same for each bread. To 
create a wholegrain bread with optimal capacity to lower the glycaemic response, it appears to 
be important to both reduce the proportion of finely milled grains (<150 µm) and to replace 
them with coarse flour and more intact grains.  
Proportion of kibbled and intact wheat and the glycaemic response 
Although a 1:1 blend of kibbled wheat and fine flour was not sufficient to reduce the 
glycaemic response of bread compared to bread made from 100% fine flour among people with 
type 2 diabetes, consumption of wheat porridge made with 100% kibbled wheat resulted in a 
significantly and substantially lower glycaemic response compared with wheat porridge made 
with 100% fine flour. The proportion of kibbled grains in a wholegrain food may be important 
in determining the effectiveness of the glycaemic-lowering potential of the kibbled grains. An in 
vitro study involving the artificial digestion of a range of commercially available wholegrain 
breads in either their original form or in a homogenised (ground) form (4) demonstrated that 
bigger (>1 mm) grains reduced the digestion rate only when the proportion of bigger grains was 
larger than the proportion of flour in the breads. Samples of whole bread which had up to 35% 
of particles that were >1000 µm were not digested more quickly than when they were in a 
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homogenised form, but a bread which had 65% of grain particles >1000 µm was digested more 
slowly than a homogenised sample of the same bread. It is possible that larger grain particles 
are more effective in reducing digestion rate (and therefore glycaemia) when the proportion of 
larger grains in the food is higher than the proportion of fine flour. In the present study, the 
most intact bread had a larger proportion of large grains (57% >1680 µm) compared to fine 
particles (31%). It is possible that the inclusion of unbroken wheat kernels and the ~2:1 ratio of 
large to small particles were both responsible for the lowest glycaemic response to this bread, 
compared to the three other breads of smaller grain particle size.  
Food processing methods differ for larger and smaller grain particles within breads 
It is not always possible to process intact grains in the same way that milled grains are 
prepared. For example, it was necessary to pre-soak the kibbled and intact wheat prior to 
mixing these with other ingredients to produce a palatable product. This may have increased 
the opportunity for starch gelatinisation during baking for the kibbled grains. The processing 
for fine flour is not the same – during kneading, starch becomes trapped within the glutenin and 
gliadin networks (95), which can reduce starch digestibility and the postprandial glycaemic 
response (98). Therefore, the varied processing methods used to make palatable versions of the 
different test breads required that the kibbled and intact grains were processed differently than 
the flour, and it is possible that the effect of pre-soaking the larger grains moderated the effect 
of grain particle size.  
Mechanical breakdown (mastication) of large grain particles 
It is possible that the amount of chewing required to break down kibbled and intact 
grains exerts a separate influence on the glycaemic response. Kibbled kernels may be easier to 
chew and break down into smaller particles than intact wheat kernels, so that the starch 
availability of the kibbled wheat kernels is further increased. The bread including 30% intact 
wheat kernels generated a lower glycaemic response than all other breads only for people with 
type 2 diabetes, yet it was not observed among people with normal glucose tolerance. One 
possible explanation for this is that older individuals who may have poorer dentition were not 
able to chew the intact wheat kernels as effectively as the younger people with normal glucose 
tolerance. This is reflected in the time taken to eat each bread: among normoglycaemic 
participants, median time taken to eat for each bread was similar. However, among participants 
with type 2 diabetes the median time-to-eat was the highest for the 50% kibbled wheat bread 
(15.6 minutes) and the lowest for the 30% intact wheat + 30% kibbled wheat bread (10 
minutes) (TABLE 5.2). This was unexpected but might indicate that the intact grains were 
ingested with minimal chewing. It has been established from previous research that the extent 
of chewing is inversely related to the amount of resistant starch present in a chewed food 
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sample (99) and since time-to-eat may be a proxy for “the time spent chewing”, it is possible 
that the comparatively short time-to-eat for the most intact bread was a factor in preserving 
starch resistant to digestion due to the large particle size of the grain.  
 
TABLE 5.2: MEDIAN (25TH AND 75TH PERCENTILES) TIME TAKEN TO EAT FOR WHOLEGRAIN WHEAT FOODS VARYING IN GRAIN PARTICLE 
SIZE, AMONG PARTICIPANTS  WITH NORMAL GLUCOSE TOLERANCE AND WITH TYPE 2 DIABETES 
Trial 1 Test food 










Ungelatinised kibbled wheat porridge 9.9 (9.0 – 11.1) 5.7 (4.6 - 7.6) 
Gelatinised kibbled wheat porridge 10.5 (9.7 – 12.4) 10.0 (8.8 – 11.7) 
Ungelatinised wheat flour porridge 9.7 (8.1 – 10.8) 9.0 (8.0 – 10.3) 
Gelatinised wheat flour porridge 9.6 (9.0 – 10.3) 10.0 (9.5 – 12.0) 
Trial 2 
(Breads) 
100% roller-milled flour bread 9.7 (8.8 – 13.0) 14.3 (9.5 – 24.3) 
100% stoneground flour bread 11.6 (10.0 – 16.2) 13.7 (9.8 – 23.6) 
50% kibbled wheat + 50% roller-milled flour 
bread 
10.0 (9.9 – 19.7) 15.6 (10.0 – 19.8) 
30% intact wheat + 30% kibbled wheat + 
40% roller-milled flour bread 
10.5 (8.8 – 14.3) 10.0 (9.3 – 15.2) 
Trial 3 
(Crackers) 
100% roller-milled flour cracker 11.5 (9.5 – 14.3) 14.5 (13.3 – 23.4) 
30% intact wheat + 30% kibbled wheat + 
40% roller-milled flour cracker 
13.9 (10.0 – 16.2) 15.0 (12.3 – 24.1) 
 
It is clear that the effect of grain particle size on glycaemic response does not act in 
isolation, but there is some degree of interaction between particle size and other aspects of food 
processing. Furthermore, if larger grains are not completely chewed, starch within intact 





The effect of wholegrain particle size on postprandial glycaemia is larger among older 
people with type 2 diabetes compared to younger people with normal glucose tolerance. 
However, the effects of grain particle size for young normoglycaemic individuals may 
underestimate the expected effect of grain particle size for older adults with declining glucose 
tolerance. Future studies among a more diverse group of people without type 2 diabetes are 
needed.  
The effect of grain particle size postprandial glycaemia was evident across four distinct 
grain processing conditions among people with type 2 diabetes. For normoglycaemic 
participants, grain particle size affected postprandial glycaemia under a dry baking, but not wet 
baking, condition; and the effect of grain particle size on glycaemia was larger in gelatinised 
starch than ungelatinised starch.  
The distribution of grain particle size is an important factor in influencing the glycaemic 
response. A high proportion of finely milled particles may contribute to a heightened glycaemic 
response. For reduction of postprandial glycaemia, wholegrain foods should not only include 








This chapter includes the following:  
Part A: A review of the literature relating to the effect of wholegrain particle size on palatability 
and postprandial appetite.  
Part B: Secondary analysis of the studies described in Chapters 3 and 4 of this thesis, exploring 
the effect of wholegrain particle size on palatability and postprandial sensations of appetite, 
under various food processing conditions and among people with normal glucose tolerance and 
with type 2 diabetes.   
 
This chapter will frequently refer to concepts such as lower or higher sensations of 
appetite or satiety. TABLE 6.1 provides explanations for these descriptions.  
 
TABLE 6.1: TERMINOLOGY USED TO DESCRIBE FEELINGS OF APPETITE AND SATIETY 
Terminology Interpretation 
‘Lower sensations of appetite’ 
Decreased appetite – marked by self-reported feelings of 
fullness, the absence of hunger, and little to no desire to 
eat. 
‘Higher sensations of appetite’ 
Increased appetite – marked by self-reported feelings of 
hunger, the absence of fullness, and the desire to eat. 
‘Lower sensations of satiety’ 
Describes the feelings of hunger caused by a state of 
emptiness in the upper gut 
‘Higher sensations of satiety’ 






PART A: REVIEW OF LITERATURE 
6.1 BACKGROUND 
6.1.1 Definition of appetite and its importance  
Appetite for food is primarily influenced by the state of fullness or emptiness in the 
upper gut and the degree of the anticipated pleasure of eating (100). During meal consumption, 
sensations of hunger decrease while a state of satiation increases, which triggers the end of the 
eating occasion. The state of satiety between meals usually inhibits further eating occasions 
until hunger (sensation of emptiness in the upper gut) returns (101, 102). Usually, a recent 
eating occasion reduces the anticipated food reward which prevents further eating, even though 
the stomach is not full to capacity (100). However, if a different or more desirable food is 
offered, the food reward becomes strong enough to trigger additional eating in the absence of 
hunger. Therefore, it appears that the trigger to eat is modulated by both the strength of 
anticipated food reward and the sensations of emptiness in the upper gut, the anticipated food 
reward is itself affected by the fullness or emptiness of the stomach, but not entirely dependent 
on this alone. The amount of the body’s energy reserves (stored as fat) only weakly influence 
appetite (100), so the primary factors affecting appetite usually do not relate to an immediate 
need to restore a depleted energy reserve.  
6.1.2 Assessment of appetite 
Appetite is commonly measured by self-reported appetite sensations (usually via Visual 
Analogue Scales or similar rating scales), by measurement of actual energy intake at an ad 
libitum meal, or by measurement of the ‘satiety hormones’ such as ghrelin and leptin (102, 103). 
Assessment of appetite via satiety hormones is outside the scope of this review and the present 
study (presented in Part B of this chapter).  The questionnaires used to assess appetite include 
multiple questions covering sensations such as hunger, fullness, desire to eat, and amount of 
prospective food consumption. Measurement of ad libitum intake is sometimes used to measure 
the appetite response to the test meal consumed several hours earlier. However, self-reported 
sensations of appetite do not always accurately predict actual energy intake consumed at an ad 
libitum meal (102, 103).  
6.1.3 Factors affecting appetite 
Glycaemic index and postprandial blood glucose have been suggested as a factor 
influencing the satiety or appetite responses to a meal (104-107). A systematic review found 
that more than half of included studies showed an increased short-term satiety response to low 
GI compared with high GI foods or meals, but the remaining studies were inconclusive, and the 
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authors acknowledged that dietary fibre may have contributed to the positive findings (104). A 
2009 review paper showed that among acute studies, foods categorised as low GI do reduce 
post-meal hunger or increase satiety, compared to high GI foods; but when only including the 
studies that control for energy intake, macronutrient content, energy density, and palatability of 
test meals, low GI foods no longer affected self-reported satiety or hunger, although three of the 
five studies found that high GI foods resulted in higher energy intake at an ad libitum meal 
compared to the lower GI foods (107). However, there is not sufficient evidence that low GI 
diets effectively promote long-term reductions in body weight, compared to high GI diets (106). 
It is possible that GI and the blood glucose iAUC do not capture other elements of glucose 
kinetics, such as the drop in blood glucose concentration below the baseline, which reflects 
“reactive hypoglycaemia” (101), and such a rapid drop in blood glucose may trigger a more 
rapid return to hunger. Findings from clinical studies show that requests for food are usually 
preceded by a drop in blood glucose concentration, although a drop in blood glucose 
concentration does not always result in a request for food (102).  
While GI or the overall blood glucose iAUC does not appear to be a strong predictor of 
appetite, insulin iAUC may be better associated with postprandial appetite. A meta-analysis of 
test meal studies investigated the correlation between postprandial blood glucose and insulin 
measured over 180 – 315 minutes and the postprandial sensations of appetite (105). A higher 
postprandial insulin response, but not blood glucose, was associated with reduced sensations of 
hunger and increased satiety and with a lower subsequent energy intake at an ad libitum meal; 
therefore, suggesting that insulin acts as a satiety signal. The authors suggest that this may be 
due to insulin directly affecting the insulin receptors in the brain or by interacting with other 
hormones associated with satiety (105). However, the findings in this review by Flint et al. 
(2007) are not consistent with the studies that suggest that low-GI foods promote satiety (104), 
since a higher insulin response is typically associated with a higher blood glucose response 
(18). In fact, a study found that a higher postprandial insulin response was associated with 
lower postprandial satiety (108). It appears that attempts to associate the glycaemic responses 




TABLE 6.2: CROSSOVER STUDIES MEASURING SELF-REPORTED POSTPRANDIAL  SATIETY OR APPETITE RESPONSES  TO FOODS AND MEALS VARYING IN STRUCTURE AND PARTICLE SIZE 
First author, 
year 
Participants Measurement of 




Trial methods Results 
Haber 1977 
(109) 
n=10 healthy men and 
women 
Satiety was measured 
via a scoring system 
from -10 (extreme 
hunger) to + 10 
(extreme satiety).  
 
The questionnaire was 
administered premeal, 
immediately after the 
meal, and then at 60, 
120, and 180 min post-
meal initiation.  
N/A Test meals were consumed after an overnight fast and provided 
60 g available carbohydrate per serve.  
 
Each participant had, in randomised order:  
(1) Intact apples 
(2) Pureed apples (disrupted fibre) 
(3) Apple juice (no fibre) 
 
The test meals were eaten at a comfortable rate, The pureed 
apples and apple juice meals were repeated on two further 
occasions, and participants instructed to match their time taken 
to eat the whole apples. These time-matched meals are 
described as ‘slow puree’ and ‘slow juice’.  
Satiety scores 
Data only reported for when  time taken to eat 
was equivalent: 
- satiety immediately after eating: whole apples > 
puree > juice (significant differences 
- satiety scores were significantly above baseline 
at 60 min for juice, and at 60 and 120 min for 
whole and pureed apple meals 
 




n=8 males and females 





overlapping groups for 
each grain category, 




Mean age 64 (SD 10) y  
 
Body weight: 115% (SD 
23%) of ideal body 
weight  
Satiety was measured 
on a scale from -3 (‘very 
hungry’) to +3 (‘not 
hungry’).  
 
The questionnaire was 
administered at 0 min( 
premeal), and at 30, 90, 
and 180 min post-meal 
initiation. 
Palatability was 
measured on a 





Test meals were consumed after a 12 – 14 h overnight fast and 
provided 50 g available carbohydrate 
 
Participants had, in randomised order:  
Wheat meals 
(1) wholemeal wheat flour bread (n=15) 
(2) bulgur wheat (n=17) 
(3) wheat kernels (n=17) 
 
Participants had, in randomised order:  
Rye meals 
(1) wholemeal rye bread (n=14) 
(2) pumpernickel (80% whole kernels and 20% flour) (n=14) 
(3) rye kernels (n=14) 
 
Each participant consumed a control (white) bread also on 3 
separate occasions, for GI calculation 
 
Preparation 
Bulgur (parboiled, dried, cracked wheat) was boiled in water for 
20 minutes. Wheat and rye kernels were pressure cooked for 30 
minutes. Meals were frozen until required, and thawed via 
microwave. Meals were given with tomato and the participants’ 
choice of tea or coffee with milk, (their choice was kept 
constant). 
Palatability (mean score, SDa) 
Wheat products 
- Bulgur wheat: 1.7 (SD 1.24)  
- Wholemeal wheat bread: 1.6 (SD 1.55) 
- Whole grain wheat kernels: 1.0 (SD 1.65) 
Differences between wheat products were not 
statistically significant.  
 
Rye products 
- Wholemeal rye bread: 1.6 (SD 1.12)  
- Pumpernickel bread: -0.1 (SD 1.50) 
- Wholegrain rye kernels: 1.6 (SD 1.12).  
Pumpernickel bread < all other test foods 
(significant differences) 
 
Satiety scores (mean, SDa) 
Wheat products 
At t=30 min:  
- Bulgur wheat: 1.9 (SD 1.24) 
- Wheat kernels: 1.8 (SD 1.24) 
- Wholemeal wheat flour bread: Not reported. 
- No significant differences 
 
Rye products: 
- Satiety scores not reported 





Participants Measurement of 




Trial methods Results 
Holt 1994 (18) n=10 healthy males and 
females 
 
Mean age: 22 (range 
19.2 – 27.5) y  
 
Mean BMI: 23.1 (SD 
0.5) kg/m2 
Satiety was measured 
on a seven point rating 
scale from -3 (‘very 
hungry’) to +3 (‘very 
full’). 
Palatability was 
measured on a 
scale from  1 




Test meals were consumed after a 12-h overnight fast and 
provided 57.6 g available carbohydrate per serve.  
 
Each participant had, in randomised order, meals made with:   
(1) whole wheat kernels 
(2) cracked wheat kernels 
(3) coarse wholegrain wheat flour (where 56% was <125 μm) 
(4) fine wholegrain wheat flour (where 78% was <125 μm) 
 
Preparation: 
Flours were baked in to muffins with added water, baking 
powder, and cinnamon and baked at 213° for 15 min. Whole 
and cracked grains were covered in water and baked at 230°C 
for 20 min, then excess water was drained.  
Meals were prepared the night prior and reheated for 1 min in a 
microwave. 
Satiety mean (SD)a AUC 
- Fine flour meal: 231 (SD 102) rating scale (RS) 
units  min 
- Whole kernel meal: 318 (SD 92) RS unit  min 
- Whole and cracked grains meals generated 
greater satiety than coarse and fine flour meals 
- Not statistically significant, but the study was 
not powered to detect differences in satiety.  
 
Satiety and insulin correlation 
Insulin iAUC response was significantly associated 
with satiety scores. 
 
Palatability 
- No significant differences in palatability scores 
- Fine flour meal had highest and cracked wheat 
meal had lowest palatability rating   
Gustaffon 1995 
(110) 
n=10 men  
healthy men 
 
Approx. 40 y 
 
Mean BMI 25 kg/m2 
(range 21 – 28 kg/m2) 
Satiety was measured 
via horizontal 100 mm 
VAS, where 0 represents 
‘hungry’, 5 represents 




The questionnaire was 
administered at 
baseline (pre-meal) and 
at 10, 20, 30, 45, 60, 75, 
90, 120, 150, 180 and 













Test meals were consumed after a 10-h overnight fast. Meals 
were matched for energy and available carbohydrate, and 
nearly matched for protein and fat.  
 
Each participant had, in randomised order:  
(1) test meal + 150 g spinach (cut) 
(2) test meal + 250 g spinach (cut) 
(3) test meal + 150 g spinach (minced) 
(4) test meal + 250 g spinach (minced) 
(5) control (no spinach) 
 
Preparation: 
Test meals included creamed potatoes, meatballs, lingonberry 
jam, white bread and light beer. To account for the difference in 
protein with spinach portions, the quantities meatballs and 
potatoes were very slightly varied.  
Satiety: 
No significant difference in satiety scores 
between the cut and minced spinach meals when 
spinach quantity was equivalent, at any 
postprandial time point 
 
Acceptability of meals 






Participants Measurement of 




Trial methods Results 
Nilsson 2008 
(76) 
n=15 healthy men and 
women  
 
Mean age 25.9 (SD 3.2) 
y 
 
Mean BMI 22.5 (SD 2.1) 
kg/m2 
Satiety was assessed via 
a bi-polar rating scale. 
Nine statements 
assessed feelings of 
hunger and satiation, 
and middle of the scale 
represented ‘no specific 
feeling’.  
 
The questionnaire was 
administered at t=0, 15, 
30, 45, 60, 90, 120, 150, 
and 180.   
N/A Postprandial satiety was measured in response to a 
standardised breakfast taken at 0800. The evening prior, at 
2130, test meals providing 50 g available carbohydrate were 
consumed in randomised order:  
 
(1) WWB (white wheat bread) 
(2) OB (ordinary barley kernels) 
(3) CutOB (OB kernels cut once or twice) 
(4) ½ OB (a half portion of OB) 
(5) HAB (high amylose barley) 
(6) HBB (high ß-glucan barley) 
(7) WWB + RS (white wheat bread with added resistant starch 
(8) WWB + RS + DF (white wheat bread with added resistant 
starch and added dietary fibre from barley) 
 
Methods of baking barley kernel breads: 
Kernels were boiled in water and cooled. White flour was added 
to kernels as (weight percent) 10:90 white wheat flour: kernels, 
and then yeast, salt, and water were added, bread was kneaded 
and proofed twice prior to baking.  
Postprandial satiety was measured in response to 
a standardised breakfast, which was preceded 
the evening prior by the test meals.  
 
Satiety AUC 
Satiety AUC response to standardised breakfast 
was higher when preceded by the high ß-glucan 
barley, compared to all other breads.  
 
There were no significant differences in satiety 
AUC response to the standardised breakfast 
when preceded by barley kernels compared to 
cut barley kernels.  
 
There was an inverse relationship between 
satiety AUC and gastric emptying rate.  
Moorhead 
2006 (111) 
36 healthy women 
 
Mean age 33 (SD 7.03) 
y  
 
Mean BMI 24.4 (SD 
4.03) kg/m2  
 
 
Satietyb was assessed by 
unmarked 100 mm VAS 
scales.  
Questions assessed  
hunger, fullness, desire 
to eat, prospective 
consumption, and thirst.  
 
The questionnaire was 
administered pre-meal 
and every 45 min post-
meal until 210 min.  
 
Appetite was also 
assessed via ad libitum 













of their test 
meals. 
Test meals were consumed at 1230, after a standardised 
breakfast taken at 0900 earlier that morning.  
 
The lunch test meal consisted of rice, sauce, chicken and 
carrots. There were three test meals, but the two relevant to 
food structure comparisons are:  
 
Identical meals containing either 
(1) whole carrots 
(2) blended carrots 
 
Meal preparation 
Carrots were prepared via steaming from frozen for 12 min, 
after which the blended carrots were blended.  
 
Participants were given an ad libitum meal 3 h after lunch. Then 
they recorded intake via food diaries for the rest of the day.  
Satiety scores 
No significant differences in response to whole vs 
blended carrots meals.  
 
Mean ad libitum intake 
- After whole carrots meal: 1669 (SD 489) kJ 
- After blended carrots meal: 2247 (SD 904) kJ 
- Significantly different 
 
Meal enjoyment  
(mean score on 100 mm VAS, where a higher 
number represents more enjoyment) 
- Whole carrots meal: 70.7 (SD 16.5) 
- Blended carrots meal: 55.3 (21.5) 





Participants Measurement of 








men and women  
 
mean age: 25 (range 22 
– 35) y  
 
mean BMI: 22.8 (range 
17.7 – 29.7) kg/m2 
Satiety was assessed by 
a scale ranging from -10 
(representing extreme 
hunger) to +10 
(representing extreme 
satiety).  
N/A Test meals were consumed after an 8 h overnight fast and 
provided 50 g available carbohydrate.  
 
Each participant consumed four test breads in randomised 
order, but the relevant ones for particle size comparison are:  
(1) whole kernel (wheat) bread 
(2) wholegrain wheat flour bread 
 
Preparation 
The wholegrain flour bread was made with 80% wholegrain 
flour and 20% white wheat flour, water, and yest. The wheat 
kernel bread was made by boiling wheat kernels in water for 20 
min, then cooling prior to mixing with white flour (proportion 
80% wheat kernels 20% white flour), water, and yeast to form a 
dough.  
 
Test breads were consumed with 28 g white wine vinegar 
(breads were dipped in vinegar), and 200 mL drinking water. 
(The vinegar was included to answer an objective not relevant 
to the difference in grain particle size).  
Satiety AUC (mean, SDa) 
- Whole kernel bread: 795 (SD 296) cmmin 
- Wholegrain flour bread: 501 (SD 288) cmmin 
- Significant difference 
 
 
There were no significant differences in GER 







Participants Measurement of 




Trial methods Results 
Rosen 2011 
(27) 
n=10 men and women 
 
Mean age: 26.0 (SD 1.1) 
y  
 
Mean BMI:  
22.6 ( SD 0.4) kg/m2 
Appetite was assessed 
by VAS (0 – 100 mm). 
Questions assessed 
hunger, fullness, and 
desire to eat.  
 
Appetite was also 
assessed by an ad 
libitum lunch meal 270 
min after the test meals.  
N/A Test meals were consumed after a 10 h overnight fast. The rye 
flour bread provided 50 g available starch and the rye kernels 
provided 48.5 g available starch.  
 
Each participant consumed seven test meals in randomised 
order, but the relevant ones for particle size comparison are:  
 
(1) wholegrain rye flour bread 
(2) wholegrain rye kernels (boiled) 
 
Preparation: 
Wholegrain rye flour bread was made using coarse rye flour, 
water, yeast, and salt. It was baked for 45 minutes.  
Wholegrain rye kernels were boiled in salted water for 35 min 
(sufficient time for all water to be absorbed). 
Postprandial measures of appetite were shown as 
AUC’s for times 0 – 60, 60 – 120, 120 – 210, and 
210 – 270, separately for each question. 
 
Appetite AUC (0 – 60 min post-meal) 
- no significant difference for hunger, fullness, or 
desire to eat 
 
Appetite AUC (60 – 120 min post-meal) 
Fullness: no significant differences 
 
Hunger 
- Wholegrain rye bread > rye kernels 
- Significantly different 
 
Desire to eat: no significant differences 
 
Appetite AUC (120 – 210 min post-meal) 
Fullness: no significant differences 
 
Hunger 
- Wholegrain rye bread > rye kernels 
- Significantly different 
 
Desire to eat 
- Wholegrain rye bread > rye kernels 
- Significantly different 
 
Appetite AUC (210 – 270 min post-meal) 
Fullness: 
- Wholegrain rye bread < rye kernels 
- Significantly different 
 
Hunger 
- Wholegrain rye bread > rye kernels 
- Significantly different 
 
Desire to eat 
- Wholegrain rye bread > rye kernels 






Participants Measurement of 




Trial methods Results 
Anguah 2014 
(112) 
12 healthy men and 
women 
 
Mean age 28 (SD 10) y 
 
Mean BMI 23.3 (SD 3.1) 
kg/m2 
Appetite was assessed 
by a 1 – 9 rating scale 
with statements ‘not at 
all’ and ‘extremely’ 
anchored at each end.  
Questions assessed 








and at 18, 38, 58, 88, 
118, and 178 min post-
meal initiation.  
Palatability was 
assessed after 
the first bite of 
each meal by a 
1 – 9 rating 
scale was used, 
with statements 
‘not at all’ and 
‘extremely’ 
anchored at 
each end.  
Palatability was 
assessed by a 
single question 
assessing taste.  
Test meals were consumed after a 12-h overnight fast, and 
were matched for energy and macronutrients.  
 
In randomised order, participants had 3 test meals, but the 
meals relevant to food structure comparisons are: 
 
Breakfasts (burritos) containing either   
(1) whole lentils 
(2) blended lentils 
 
Each meal was given twice, once with -galactosidase and a 
second time with placebo capsules.  
Meals were macronutrient matched and this was achieved by 




- Blended lentils > whole lentils  
- Significantly different 
 
Fullness: 
-no significant differences 
 
Desire to eat 
- no significant differences 
 
Prospective consumption 
- no significant differences 
 
Taste ratings 
- no significant differences between meals 
Rebello 2014 
(113) 
48 healthy males and 
females  
 
Mean age: 29.8 (SD 9.9) 
y 
 
Mean BMI: 27.1 (SD 
6.7) kg/m2 
Appetite was measured 
via electronic VAS scales 
(0 – 100 units). Appetite 
questions assessed 
hunger, fullness, desire 
to eat, and prospective 
intake.  
 
The questionnaire was 
administered at 30, 60, 
120, 180, and 240 min 
post meal initiation.  
N/A Test meals were consumed after a 10 h overnight fast and were 
matched for energy.  
 
Test meals were consumed in randomised order:  
(1) instant oatmeal (provided 27 g avail. carb) 
(2) old-fashioned oatmeal (provided 27 g avail. carb) 




Foods were served with lactose-free, fat-free milk. Old-
fashioned oatmeal was prepared by adding a cup of room-
temperature water and microwaving for 3 minutes at high 
power. Instant oatmeal was prepared by adding a cup of boiling 
water and stirring. RTEC was served with 184.2 g milk and a cup 
of water.   
Appetite AUC 
Postprandial fullness 
Instant oatmeal > RTEC 
 
Postprandial desire to eat 
Instant oatmeal < RTEC 
 
Postprandial prospective intake 
Instant oatmeal < RTEC 
Old-fashioned oatmeal < RTEC 
 
Postprandial hunger  
No significant differences in hunger score AUC 






Participants Measurement of 










Mean age: 46 (SD 6) y  
 
Mean BMI: 26.4 (SD 
1.7) kg/m2 
Appetite was measured 
via VAS from 1 – 10, 
where 1 represented a 
negative answer (i.e. 
‘not full’) and 10 
represented a positive 




desire to eat, and thirst.  
 
The questionnaire was 
administered at 0 (pre-
meal), and at 15, 30, 50, 
70, 100, 130, 160, and 
190 min.   
N/A Test meals were consumed after a 10+ h overnight fast and 
provided 30.9 g available carbohydrate.  
 
Test meals were consumed in randomised order:  
(1) Porridge prepared from oat flakes 
(2) Porridge prepared from oat flour 
 
Meal preparation 
Skimmed milk, water, and margarine were heated. Oat flakes or 
flour was added, the mixture was brought the boil, sugar and 
salt were added, and the porridge was boiled for 1 minute. 
Porridge was held in an insulated container and held for 10 min 
prior to consumption. 
Appetite 
Postprandial hunger:  
No difference between meals at all time points 
 
Postprandial fullness:  
No differences between meals at all time points 
 
Postprandial satisfaction:  
No difference between meals at all time points 
 
Postprandial desire to eat: 
Oat flakes > oat flour at t= 50, 70, 100, 130, 160, 
and 190 min.  
 
Postprandial thirst: 







Mean age: 24 (SD 1.9) y 
 
Mean BMI: 22 (SD 0.6) 
kg/m2 
Hunger was measured 
via VAS pre-meal and 
every hour after the test 
meal consumption. 
 
Liking of the 
test meal was 





Test meals were consumed after an overnight fast and provided 
50 g available carbohydrate.  
 
Test meals were consumed in randomised order:  
(1) Kernel bread (85% broken wheat kernels, 15% flour)  
(2) Wholegrain wheat flour bread  
 
Preparation 
For the wholegrain flour bread, white wheat flour was 
recombined with bran to match the fibre content to the kernel 
bread. Test meals were consumed with margarine and ham. For 
the 85% cracked wheat kernel bread, kernels were soaked 
overnight prior to mixing with the remainder of the dough 
ingredients. 
Postprandial hunger 




Liking of test meals 
Wheat flour bread: 57 
Kibbled wheat bread: 33 
(Scale was 0 – 100, where a higher number 
represents greater liking).  
a For several studies (18, 20, 26) results were presented as mean and standard error of the mean (SEM). SEM’s were converted to SD (standard deviation) for this summary 
table as SD is the appropriate descriptor of the variability of the data (68).  
 
b The term ‘satiety’ was used to describe the postprandial sensations of hunger, fullness, desire to eat, prospective consumption, and thirst; but these may better be 
described as ‘appetite’ (100)
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6.1.4 Does food structure affect appetite? 
While it is difficult to determine whether the glycaemic response per se is predictive of 
the postprandial appetite response, several studies suggest that intact food structures appear to 
result in either or both of lower postprandial sensations of appetite and higher sensations of 
satiety, compared to foods for which the structure is disrupted. This has been shown for apples 
(109), lentils (112) and vegetables (114), when comparisons whole versus pureed versions of 
each of these foods. The structure of carrots did not affect postprandial sensations of appetite, 
but energy intake consumed at an ad libitum meal was lower after the meal which incorporated 
whole carrots rather than pureed (111). Furthermore, several crossover studies show that 
maintaining the structure of wholegrain carbohydrate foods may promote either or both of 
greater postprandial satiety and lower sensations of appetite (26, 27, 108, 113). However, two 
studies (20, 28) found no evidence of an effect of grain particle size of wholegrain foods on 
postprandial sensations of satiety, and another study found that that porridge made from oat 
flakes resulted in higher reported desire-to-eat than porridge made from oat flour (25).  
Heterogeneity in the methods of assessing and analysing the satiety and appetite 
responses may have contributed to the variable findings. Four studies measured the 
postprandial sensations of satiety rather than appetite (20, 26, 28, 108), and satiety does not 
take into account the ‘desire to eat’ or food reward aspect of the decision to eat (100). 
Assessment of appetite via VAS requires that multiple questions are asked so that the various 
aspects of appetite are captured (at a minimum, hunger, fullness, and desire to eat). Combining 
these various appetite sensations into a single marker (‘appetite score’) is recommended to 
provide a more robust measure of appetite that has lower risk of producing spurious findings 
(115). Of the studies that did measure the appetite response to wholegrain foods of various 
grain particle size, none used a single overall appetite score to describe appetite, but instead 
statistically compared each question on ‘hunger’, ‘fullness’, ‘desire to eat’, individually (25, 27, 
113). This method of analysis may increase the risk of finding false positive outcomes. It is also 
recommended that AUC of appetite scores is used to describe the overall appetite response to a 
meal, but the study by Mackie et al. (2017) (25) compared scores at each time point, yet this 
method has poorer repeat-reliability than using AUC (115). Additionally, one study (113) did 
not match the sugar, protein, and fibre content between two of the test meal comparisons.  
Most of the studies examining the effect of wholegrain particle size on appetite or satiety 
responses were underpowered to detect statistically significant differences in appetite 
responses (18, 20, 25-28), with the exception of one study which had 48 participants (113). In 
two studies this limitation was acknowledged (28, 108), and in the study by Holt et al. (1995) 
the small sample size was suggested as a reason for their non-significant differences in satiety 
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response according to grain particle size (108). However, the satiety score AUC was inversely 
related to grain particle size across four categories (fine flour, coarse flour, cracked wheat, and 
whole kernels), but this did not reach statistical significance.  Since methods and findings are 
varied among the studies, no definitive conclusions can be made regarding the effects of grain 
particle size on appetite and satiety.  
The mechanisms for how grain particle size may affect appetite and satiety are 
numerous. Textural qualities like crunchiness may promote greater satiation than less crunchy 
foods (116), and foods that appear more visually complex are rated as more likely to be ‘filling’ 
than less visually complex foods (117). These perceptions of the satiety-inducing capacities of 
more structurally intact foods may reflect that such foods do in fact promote satiety, since 
learned responses relating to satiety have been shown to determine portion size selection 
(115). The postprandial blood glucose response has also been suggested as a moderator of 
appetite, but there is no consistent or strong link between the two (101). It is possible that 
‘reactive hypoglycaemia’, where the postprandial blood glucose falls below baseline, may be 
associated with lower subjective satiety ratings (101). Foods of higher viscosity (such as instant 
oatmeal made from rolled and cut oats) can promote higher postprandial appetite ratings 
compared to less viscous foods (such as oatmeal made from uncut oats) (113, 118). Foods 
containing resistant starch have been reported to not promote postprandial satiety (when 
measured over 5 hours), compared to digestible starch, although it is possible that this time 
period does not capture the fermentation of resistant starch in the colon (119).   
Few studies reported self-reported palatability to wholegrain foods of varying grain 
particle size (18, 20, 28). Muffins made from fine flour were rated more palatable than wet-
baked wheat kernels (18), but cooked wheat kernels eaten alone are not a typically consumed 
food. Wholegrain flour bread was rated more palatable than bread in which 85% of the flour 
was replaced with kibbled wheat (28), and pumpernickel bread was considered less palatable 
than both rye bread and rye kernels (20). It is important to consider a food’s palatability when 
making dietary recommendations, since individuals are unlikely to incorporate unpalatable 





Findings from studies that have examined the effect of wholegrain particle size on 
postprandial appetite or satiety are not consistent. Out of seven studies, four reported that 
wholegrain foods containing or comprised of cracked or intact grains may result in lower 
postprandial sensations of appetite or higher postprandial satiety, compared with wholegrain 
foods made from finely milled grain. However, there are limitations to the studies, including: 
small sample sizes, non-robust statistical analysis methods, within-study variation of nutrient 
composition of foods tested, and varying preparation methods of wholegrain test foods. As a 
result, there is currently insufficient evidence to confirm an effect of grain particle size on 
appetite.  
The secondary aim of the major study (described in Chapters 3 and 4) is to determine 
the effect of grain particle size under various processing conditions on appetite, and whether 
grain particle size of wholegrain foods affects palatability.   
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PART B: EFFECT OF WHOLEGRAIN PARTICLE SIZE ON APPETITE AND 
PALATABILITY (A SECONDARY ANALYSIS) 
6.2 INTRODUCTION 
Wholegrain food consumption is associated with reduced risk of type 2 diabetes and 
other non-communicable disease (1). There are likely several mechanisms for this, such as a 
high dietary fibre content and effects on postprandial blood glucose, but another factor may be 
the effect of wholegrain food consumption on promoting satiety (120). Four acute studies 
suggest that maintaining the structure of wholegrain wheat, rye, and oats in carbohydrate foods 
such as muffins, breads, and oatmeal may promote either greater postprandial satiety or lower 
sensations of appetite, or both (18, 26, 27, 121), although three other similar studies do not 
report similar findings (20, 25, 28). Consuming foods that promote reduced appetite or 
increased satiety has been associated with reductions in body weight among overweight and 
obese people, compared to consuming foods that result in higher appetite or lower satiety 
responses (122).  
Wholegrain foods containing larger compared with smaller grain particle size can 
reduce the postprandial glycaemic response (16-24), (Chapter 3, Chapter 4). Adherence to 
dietary recommendations may be better when the recommended foods are palatable. To 
understand whether a general recommendation in favour of consuming wholegrain foods 
comprised of larger compared to smaller grain particle size is realistic, it is important to assess 
the palatability of these foods.   
In this chapter, the study aim was to measure the postprandial sensations of appetite 
and the perceptions of palatability to wholegrain wheat foods of varying grain particle size 
prepared under different processing conditions among people with type 2 diabetes and those 
with normal glucose tolerance.  
6.3 METHODS 
The study design, participants, and methods are described in detail in Chapters 3 and 4. 
Detailed methods specific to the assessment of palatability and postprandial appetite in 
response to wholegrain wheat foods of varying grain particle size are presented in this chapter.  
6.3.1 Study design, participants, and randomisation 
Participants with normal glucose tolerance and participants with type 2 diabetes 
completed three randomised, controlled crossover trials to assess both the postprandial self-
reported sensations of appetite and perceptions of palatability to wholegrain wheat foods of 
different grain particle size across different processing conditions. Participants with and 
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without type 2 diabetes completed the three trials as separate groups (FIGURE 6.4 and FIGURE 
6.5).  
The sample size estimate is described in Chapter 3 (SECTION 3.2.1) and was calculated for 
the primary analysis of differences in blood glucose iAUC. Participants were randomised to the 
order in which they would receive the test foods using a Williams Square design (83).  
6.3.2 Description of wholegrain wheat foods tested 
Palatability and postprandial appetite responses were assessed for wholegrain test 
foods varying in grain particle size, which are described in detail in Chapter 3 (SECTION 3.2.3). 
Briefly, there were four wholegrain wheat porridges tested in Trial 1: (1) ungelatinised wheat 
flour porridge, (2) ungelatinised kibbled wheat porridge, (3) gelatinised wheat flour porridge, 
and (4) gelatinised kibbled wheat porridge. There were four wholegrain breads tested in Trial 
2: (1) 100% wholegrain roller-milled flour bread, (2) 100% stoneground flour bread, (3) 50% 
kibbled wheat + 50% wholegrain roller-milled flour bread, and (4) 30% intact wheat + 30% 
kibbled wheat + 60% wholegrain roller-milled flour bread. There were two crackers tested in 
Trial 3: (1) 100% wholegrain roller-milled flour crackers, and (2) 30% intact wheat + 30% 
kibbled wheat + 60% wholegrain roller-milled flour crackers.  
Particle size analysis is described in Chapter 3 (SECTION 3.2.3.5 and TABLE 3.5). 
6.3.3 Testing protocol 
For each test food, all participants completed their appetite questionnaire at fasting 
(time=0) before food was presented, and then at 15, 30, 45, 60, 90, and 120 minutes from the 
time of meal commencement (FIGURE 6.1). Participants with type 2 diabetes also completed 
their appetite questionnaires at times 150 and 180 minutes- this was done because blood 
glucose levels take longer to return to baseline for people with type 2 diabetes compared to 
people with normal glucose tolerance. Participants completed their palatability questionnaire 




FIGURE 6.1: TIMING OF APPETITE AND PALATABILITY QUESTIONNAIRES FOR EACH TEST DAY 
 
6.3.4 Assessment of appetite response 
The appetite questionnaire used four questions to assess sensation of appetite, and the 
palatability questionnaire used four questions to assess perceptions of palatability. Each 
questionnaire used Visual Analogue Scales (VAS), where a question was stated and two 
opposing statements were anchored at each end of a 100 mm line. Participants used a pen to 
mark where on the 100 mm line best represented their response to each question.  
The appetite questionnaire (FIGURE 6.2) was adapted from Flint et al (2000), (which also 
included questions relating to prospective food consumption) (103). The palatability 
questionnaire (FIGURE 6.3) was adapted from Flint et al 2000 (103).  
6.3.5 Scoring of appetite and palatability questionnaires 
A ruler was used to measure the lines for each VAS. The measurement was taken from 
the left-hand end of the line to where the participant’s mark intersected with the horizontal line. 
If a response was marked by a scribble rather than a single vertical line, the middle of the mark 
was taken as the response. Measurements were rounded to the nearest millimetre (0.5 rounded 
up).  
 A researcher measured and recorded each response on the questionnaire sheet next to 
each question. Duplicate measures were then completed by another (or the same) researcher, 
and the initially recorded measure was either checked as correct or, if incorrectly recorded, 
updated. Measurements were then entered into Microsoft Excel, and double-checked on a 
separate occasion.  
  









FIGURE 6.2: APPETITE QUESTIONNAIRE (NOT TO SCALE) 
  
Participant #:          t=0  
 
 
Please place draw a single vertical line through at the point which best describes 
how you feel right now.  
 
Appetite / Satiety questionnaire: 
 
 
How hungry do you feel?  
 
I m not hungry   I ve never 
at all been more hungry
  




How satisfied do you feel? 
 
I m completely   I m completely  
empty   satisfied
   




How full do you feel?  
 






Would you like to eat something right now?  
 

























Palatability questionnaire:  
 
How visually appealing is the product?  
 







How does the product taste?  
 





How would you rate the texture? 
 






Would you eat this product again?  
 















6.3.6 Data entry, Data cleaning, and statistical analysis 
Stata IC (Version 16.0 for PC; StataCorp, College Station, Texas) was used for all 
statistical analyses.  
6.3.6.1 Data cleaning 
Participant responses to each question were checked for consistency with the 
interpretation of the other questions at the same time point. FIGURE 6.2 shows that the 
participants responded to four appetite-related questions at each scheduled time point, and the 
left end of the VAS corresponded to a state of low appetite for the first question (“How hungry 
do you feel?”) and a state of high appetite for the second, third, and fourth questions ( “How 
satisfied do you feel?”, “How full do you feel?”, “Would you like to eat something right now?”). It 
appeared that some participants misinterpreted Question 1 (“How hungry do you feel?”) as 
having the left anchor represent hunger (high appetite) and the right anchor represent no 
hunger (low appetite). This was most apparent at states of very high or very low appetite, and if 
a participant marked that they were both ‘very hungry’ and ‘very full’ it was deemed likely to be 
a mistake. However, when answers were clustered toward the middle of each line, any mistakes 
made would not have been apparent. Responses were considered inconsistent if the response to 
the “hungry” question was >70 (representing “I’ve never been more hungry” and the response 
to the “full” question was also >70 (representing “I’ve completely full”). Where there were 
inconsistencies, the response which was inconsistent with the rest of the responses for that 
point was excluded from analysis.  
Any apparently inconsistent responses related to the question “Do you want to eat 
something right now?” were not amended because it is not impossible that a person may want 
to eat something while also feeling full or not hungry (100). Any responses related to the 
question “How satisfied do you feel?” were not amended because feelings of satisfaction may not 
necessarily be related to other feelings of appetite (for example, a person may feel satisfied yet 
not full). Any responses where a person reported feeling both “not hungry” and “not full” were 
not assumed to be incorrect; this most often occurred at the fasting state, and while a person is 
likely to feel “not full” after having fasted for 8 or more hours, they may also feel “not hungry”.  
6.3.6.2 Data preparation and creation of Appetite and Palatability Scores 
Reverse scores were calculated for the question “How hungry do you feel?” because for 
this question the left VAS anchor reflected low appetite while the left VAS anchors reflected high 
appetite for the other three questions. An ‘appetite score’ was calculated for each time point for 
each test food for each participant by taking the mean of the four appetite responses. If one 
response was missing at a given time point, the appetite score was created by the taking the 
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mean of the three responses. There were no instances of more than one response being missing 
at a given time point. A low appetite score corresponded to a state of low appetite, and a high 
appetite score corresponded to a state of high appetite. Cronbach’s alphas were calculated for 
each time-point for each test food to assess internal reliability of the appetite scale. 
The mean of responses to the four palatability questions was calculated to form a single 
overall score to describe palatability for each food for each participant. Cronbach’s alpha was 
used to determine the reliability of using a single score to represent the four responses to each 
question. A low palatability score reflected poor palatability, and a high palatability score 
reflected good palatability.  
6.3.6.3 Appetite AUC 
Area under the appetite score curve (AUC) was calculated using cubic splines and 
reflected the magnitude of the postprandial appetite response, from immediately following the 
test food consumption until 120 minutes post-meal. Over this time span, six appetite 
questionnaires were filled out (15, 30, 45, 60, 90, and 120 minutes). For an AUC to be calculated, 
the initial measures (t=15) and the final measure (t=120) had to be present, and no more than 
two of the other time points (t=30, 45, 60, 90) could be missing. If a participant had not filled 
out their appetite questionnaire at 15 or 120 minutes, an area under the curve (AUC) could not 
be calculated (Appendix A7).  
6.3.6.4 Statistical comparisons 
Differences in appetite score AUC between test foods within each food category were 
calculated by using a mixed effects regression model with appetite score AUC as the dependent 
variable, test food as the independent variable, and participant ID as a random effect. Robust 
variance structure was used. Randomisation by order, using a Williams Square design, resulted 
in small randomisation groups. Some were so small that inclusion of random order into 
statistical models that included some missing data (as has happened here) meant that estimates 
could not be calculated. As inclusion of random order group only affects the between-person 
component, the exclusion of this from these models is unlikely to have a meaningful influence.  
Median palatability scores (and 25th and 75th percentiles) were calculated for each 
palatability question and for the overall palatability score for descriptive purposes.  
Differences in mean palatability score between test foods within each trial were 
calculated by using a mixed effects regression model with palatability score as the dependent 
variable, test food as the independent variable, and participant ID as a random effect. 
Randomisation order was included in the model. Robust variance structure was used.  
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Differences in mean palatability scores between participants with normal glucose 
tolerance and participants with type 2 diabetes were calculated by using a linear regression 
model with palatability score as the dependent variable and test food as the independent 





Participant characteristics are reported in Chapter 3 (TABLE 3.6) and Chapter 4 (TABLE 
4.1). The mean age of the participants with type 2 diabetes was 63 (SD 10) years in trial 1, 63 
(SD 11) years in Trial 2, and 64 (SD 11) years in Trial 3. The mean age of the participants with 











n=20 included in 
palatability results




n=13 included in 
palatability results




n=13 included in 
appetite results
n=2 discontinued; 
(n=1 diagnosed with 
type 1 diabetes,
n=1 did not tolerate 
test foods)
n=4 discontinued







n=17 included in 
palatability results
(n=5 discontinued; 
(n=2 moved away; 
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appetite results
n=x discontinued; 
(n=1 did not 
tolerate test foods; 
n=2 had unsuitable 
schedules; n=1 was 
























n=13 included in 
palatability results
n=1 was recruited 
only for Trial 2
a Postprandial appetite is not reported for the participant group with type 2 diabetes due to low 




Findings for appetite AUC are presented only for the normal glucose tolerant group, 
since data for the participants with type 2 diabetes was considered not reliable. Among the 
responses from participants with type 2 diabetes, there were 48 instances of inconsistent 
appetite questionnaire responses (where “hungry” >70 and “full” >70) across all three trials 
among a total of 1302 completed postprandial appetite questionnaires. Any inconsistent 
answers which were not detected by the 30 / 70 cut-off were unable to be detected. When the 
inconsistent responses representing low satisfaction and high fullness, high satisfaction and low 
fullness, and  low hunger and low fullness were also included, the number of inconsistent 
questionnaire responses was 99 (8% of total questionnaire responses). While it is possible that 
some these represented a true state of conflicting feelings of appetite, there is still a risk that the 
high proportion of inconsistent responses reflect unreliable responses. When the responses to 
the inconsistently answered questionnaires were examined in the context of the preceding and 
following time points, the pattern of appetite response was frequently unclear, so it was not 
possible to correct the conflicting responses without risking over-correcting the dataset. By 
contrast, only one inconsistent response among the participants with normal glucose tolerance 
was detected and removed. As some of the data from the participant group with type 2 diabetes 
were considered to be unreliable, it would have been inappropriate to analyse them as 
representations of the truth. 
Baseline characteristics of the normoglycaemic participants are presented in Chapter 3 
(TABLE 3.6). The number of participants who were included in the appetite analyses for each 
trial were fewer than the number of participants who completed each trial (FIGURE 6.4). 
Participants who were excluded from appetite analyses had missing appetite questionnaires at 
one or both of t=15 and t=120 for one or more of the test foods within each trial, in which case 
an appetite score AUC could not be calculated. It was essential that for each trial, each 
participant had an appetite score AUC for each test food, since this is a requirement for a 
crossover trial. For this reason, four participants were excluded from Trial 1, four participants 
were excluded from Trial 2, and seven participants were excluded from Trial 3 (Appendix A7).  
While not a pre-planned inclusion criterion, all participants were able to read and 
understand English.  
Cronbach’s alphas were calculated for the four appetite questions for each participant 
for each test food, resulting in values ranging from 0.70 (1st percentile) to 0.99 (99th percentile), 
with a mean of 0.93 (SD 0.05). These results represent unidimensionality with strong 
correlations between the four appetite-related questions, showing that it is appropriate to use a 
single appetite score to represent the responses to the four questions.  
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The anchors for the question “How satisfied do you feel?” were potentially ambiguous. A 
sensitivity analysis was conducted to check whether exclusion of responses to the question 
“How satisfied do you feel?” from the appetite score resulted in changes to the results. There 
were no differences in results when this question was excluded from analyses (Appendix A8). 
This confirms the acceptability of including responses to the question “How satisfied do you 
feel?” in the analyses presented below.  
Wheat porridges 
While not statistically significant, appetite score AUC was higher overall for 
ungelatinised porridges than for gelatinised porridges (mean difference 402 mm·min; 95%CI: -
177, 983, p=0.174) (TABLE 6.3). This difference in appetite was even more marked when 
comparing the ungelatinised kibbled wheat porridge to the gelatinised flour porridge (mean 
difference 817 mm·min; 95% CI: 108, 1526; p=0.024). Appetite score AUC was lower overall 
following the wheat flour porridge compared to the kibbled wheat porridge (mean difference 
414 mm·min; 95% CI -149, 977; p=0.149).  
Breads 
There was no evidence of statistically significant differences in appetite score AUC 
between breads of differing grain particle size (TABLE 6.4). The largest mean difference was 
between the 100% roller-milled flour bread and the 50% kibbled wheat + 50% roller-milled 
flour bread and was -130 mm·min (95% CI: -796, 535).  
Crackers 
There was no evidence of statistically significant differences in appetite score AUC 
between crackers of differing grain particle size (TABLE 6.5). The difference between the 100% 
roller-milled flour cracker and the 30% intact wheat + 30% kibbled wheat cracker was 284 




TABLE 6.3: APPETITE SCORE AUC (MEANS, SD) TO FOUR WHEAT PORRIDGES, DIFFERING IN STARCH GELATINISATION AND PARTICLE 
SIZE, AMONG NORMAL GLUCOSE TOLERANT PARTICIPANTS (N=16) 
Wheat porridges Mean (SD) Appetite 
Score AUCa 
(mm·min) 
Mean (SD) Appetite 
Score AUCa  
(mm·min) 
Mean Difference 
(95% CI)  
p-value 
Particle Size 
Kibbled Flour   
All b 4038 (2276) 3635 (2305) 402 (-177, 983) 0.174 
 Ungelatinised 4277 (2447) 3811 (2283) 466 (-390, 1323) 0.286 
 Gelatinised 3799 (2144) 3460 (2389) 340 (-441, 1120) 0.394 
Gelatinisation Ungelatinised Gelatinised   
All 4044 (2340) 3629 (2240) 414 (-149, 977) 0.149 
 Kibbled 4277 (2447) 3799 (2144) 477 (-538, 1493) 0.357 
 Flour 3811 (2283) 3460 (2389) 351 (-171, 873) 0.188 
a A higher appetite score AUC represents a higher overall appetite (measured by assessing hunger, satisfaction, fullness, and desire to eat) 
for the postprandial time (105 minutes) 
b Each participant is represented twice in the ‘all’ comparisons (i.e., 2x for flour, 2x for kibbled wheat)  
 
 
TABLE 6.4: APPETITE SCORE AUC (MEAN, SD) TO FOUR WHOLEGRAIN BREADS, DIFFERING IN GRAIN PARTICLE SIZE, AMONG NORMAL 






































a A higher appetite score AUC represents a higher overall appetite (measured by assessing hunger, satisfaction, fullness, and desire to eat) 




TABLE 6.5: APPETITE RESPONSES (MEAN, SD) TO TWO WHOLEGRAIN CRACKERS, DIFFERING IN GRAIN PARTICLE SIZE, AMONG NORMAL 
GLUCOSE TOLERANT PARTICIPANTS (N=8) 
Cracker 
Mean (SD) Appetite Score 
AUCa (mm·min) 
Mean difference (95% CI) p-value 
Roller-milled flour cracker 4168 (1835) 
284 (-892, 1460) 0.636 
30% intact, 30% kibbled 
wheat cracker 
3884 (1379) 
a A higher appetite score AUC represents a higher overall appetite (measured by assessing hunger, satisfaction, fullness, and desire to eat) 





Cronbach’s alphas were calculated for the four palatability questions for each 
participant for each test food, resulting in values ranging from 0.89 (1st percentile) to 0.95 (99th 
percentile), with a mean of 0.91 (SD 0.2). These results represent unidimensionality with strong 
correlations between the four palatability-related questions, showing that it is appropriate to 
use a single palatability score to represent the responses to the four questions.  
Among the normal glucose tolerant participants, palatability scores were lowest for 
wheat porridges, compared to breads and crackers (TABLE 6.6). This was not the case for the 
participants with type 2 diabetes, where the median palatability scores for wheat porridges 




TABLE 6.6: PERCEPTIONS OF VISUAL APPEAL, TASTE, TEXTURE, AND REPEATABILITY FOR EACH TEST FOOD ASSESSED VIA FOUR 
QUESTIONS ON A 100 MM VAS SCALE, AND AN OVERALL PALATABILITY SCORE (MEAN OF RESPONSES TO THE FOUR QUESTIONS), 
AMONG PEOPLE WITH NORMAL GLUCOSE TOLERANCE, WHERE A HIGHER NUMBER REPRESENTS HIGHER PALATABILITY.  
  Median (25th, 75th percentiles) response to each question (mm) 



























































































30% kibbled wheat, 
30% intact wheat, 

























30% kibbled wheat, 
30% intact wheat, 











a Assessed by the question “How visually appealing is the product?” 
b Assessed by the question “How does the product taste?” 
c Assessed by the question “How would you rate the texture?” 
d Assessed by the question “Would you eat this product again?” 




TABLE 6.7: PERCEPTIONS OF VISUAL APPEAL, TASTE, TEXTURE, AND REPEATABILITY FOR EACH TEST FOOD ASSESSED VIA FOUR 
QUESTIONS ON A 100 MM VAS SCALE, AND AN OVERALL PALATABILITY SCORE (MEAN OF RESPONSES TO THE FOUR QUESTIONS), 
AMONG PEOPLE WITH TYPE 2 DIABETES, WHERE A HIGHER NUMBER REPRESENTS HIGHER PALATABILITY. 
  Median (25th, 75th percentiles) response to each question (mm) 
Trial 













































































50% roller-milled flour, 











30% kibbled wheat, 


























30% kibbled wheat, 












a Assessed by the question “How visually appealing is the product?” 
b Assessed by the question “How does the product taste?” 
c Assessed by the question “How would you rate the texture?” 
d Assessed by the question “Would you eat this product again?” 
e Overall palatability score is the mean of the responses to the four individual questions  




6.4.2.1 Wheat porridges 
Among normal glucose tolerant participants, the ungelatinised flour porridge was 
considered the most unpalatable of all four wheat porridges. It was rated significantly less 
palatable than the ungelatinised kibbled wheat porridge (mean difference 13 mm; 95% CI: 2, 
24), less palatable than the gelatinised flour porridge (mean difference 9 mm; 95% CI: -2, 20), 
and less palatable than the gelatinised kibbled wheat porridge (mean difference 9 mm, 95% CI: -
2, 21) (TABLE 6.8). However, among participants with type 2 diabetes the ungelatinised flour 
porridge had a better palatability score (by 10 mm) than ungelatinised kibbled wheat porridge 
(TABLE 6.9).  
Wheat porridges were considered significantly more palatable by participants with type 
2 diabetes than participants with normal glucose tolerance (mean difference in overall 
palatability score 19 mm, 95% CI 12, 26). The differences between participant groups were 




TABLE 6.8: MEAN DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN WHOLEGRAIN WHEAT PORRIDGES DIFFERING IN GRAIN 





































34 (23) p=0.104 p=0.426 p=0.958 
Gelatinised 
kibbled wheat 
a The overall palatability score is the mean of the responses to the four individual questions relating to visual appeal, taste, texture, and 
whether the participant would eat the food again 
 
TABLE 6.9: MEAN DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN WHEAT PORRIDGES DIFFERING IN GRAIN PARTICLE SIZE 





































50 (26) p=0.217 p=0.782 p=0.623 
Gelatinised 
kibbled wheat 
a The overall palatability score is the mean of the responses to the four individual questions relating to visual appeal, taste, texture, and 





For normal glucose tolerant people, the breads with the highest median overall 
palatability scores were the 100% roller-milled flour bread (72 mm; IQR 60 – 81) and the 30% 
kibbled wheat + 30% intact wheat bread (73 mm; IQR 53 – 84). The bread with the lowest 
median overall palatability score was the 100% stoneground bread (62 mm; IQR 59 – 63) 
(TABLE 6.6). The mean difference between 100% roller-milled and 100% stoneground flour 
bread was -7 mm (95% CI -14, 1). Despite the apparent difference in overall median palatability 
score between the 100% stoneground flour bread and the 30% kibbled wheat + 30% intact 
wheat bread, the mean difference between these two breads was 5 mm (95% CI -6, 15), so there 
is no evidence of a difference between the two (TABLE 6.10).  
For people with type 2 diabetes, the 30% kibbled wheat + 30% intact wheat bread had a 
higher overall mean palatability score compared to 100% roller-milled flour bread (mean 
difference 12 mm; 95% CI: -2, 26), the stoneground flour bread (mean difference 14 mm; 95% 
CI: 3, 24), and the 50% kibbled wheat bread (mean difference 11 mm; 95% CI: 5, 17) (TABLE 
6.11).  
Perceptions of palatability for each bread did not differ between the group of 




TABLE 6.10: MEAN DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN WHOLEGRAIN BREADS OF DIFFERING GRAIN PARTICLE 




Mean difference (95%CI) (mm) 
100% roller-milled 
flour 






















30% kibble,  
30% intact wheat, 
60% roller-milled 
flour 
67 (24) p=0.721 p=0.376 p=0.546 
30% kibbled,  
30% intact 
wheat 
a The overall palatability score is the mean of the responses to the four individual questions relating to visual appeal, taste, texture, and 
whether the participant would eat the food again 
 
TABLE 6.11: MEAN DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN BREADS OF DIFFERING GRAIN PARTICLE SIZE AMONG 






























30% kibble,  
30% intact wheat, 
60% roller-milled 
flour 
77 (16) p=0.092 p=0.011 p<0.001 
30% kibbled,  
30% intact 
wheat 
a The overall palatability score is the mean of the responses to the four individual questions relating to visual appeal, taste, texture, and 





Among participants with normal glucose tolerance, the roller-milled flour cracker was 
considered more palatable than the 30% kibbled wheat + 30% intact wheat cracker (mean 
difference -10 mm; 95% CI: -21, 2) (TABLE 6.12). Visual appeal, texture, and desire to eat again 
scored lower for the 30% kibbled wheat + 30% intact wheat cracker compared to the 100% 
flour cracker, while taste scores were comparable between the two (TABLE 6.6).  
Among participants with type 2 diabetes, there was no statistically significant mean 
difference in overall palatability between the two crackers (TABLE 6.13). The median overall 
score for the 30% kibbled wheat + 30% intact wheat cracker was higher than for the 100% flour 
cracker (48 and 41 mm, respectively), but the interquartile ranges for each were large (TABLE 
6.7). Compared to the 100% flour cracker, the median visual appeal score for the 30% kibbled 
wheat + 30% intact wheat cracker was higher but the median score for taste was lower.  
Perceptions of palatability for each cracker did not differ between the group of 
participants with normal glucose tolerance and the group with type 2 diabetes (TABLE 6.14).  
 
TABLE 6.12: MEAN DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN CRACKERS OF DIFFERING GRAIN PARTICLE SIZE AMONG 




Mean difference (95% CI) 
(mm) 
100% roller-milled flour 57 (18) 
-10 (-21, 2) 
 
p=0.105 30% intact wheat, 30% 
kibbled wheat, 40% roller-
milled flour 
48 (20) 
a The overall palatability score is the mean of the responses to the four individual questions relating to visual appeal, taste, texture, and 
whether the participant would eat the food again 
 
TABLE 6.13: MEAN DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN CRACKERS OF DIFFERING GRAIN PARTICLE SIZE AMONG 
PARTICIPANTS WITH TYPE 2 DIABETES (N=13) 
Test Cracker Mean (SD) (mm) 
Mean difference (95% CI) 
(mm) 
100% roller-milled flour 
cracker 
49 (29) 
1 (-9, 12) 
 
p=0.814 30% intact wheat, 30% 
kibbled wheat, 40% roller-
milled flour cracker 
50 (23) 
a The overall palatability score is the mean of the responses to the four individual questions relating to visual appeal, taste, texture, and 
whether the participant would eat the food again  
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TABLE 6.14: DIFFERENCES IN OVERALL PALATABILITY SCOREA BETWEEN PARTICIPANT GROUPS (NORMAL GLUCOSE TOLERANT AND 
















Wheat porridges  32 (21) 53 (24) 19 (12, 26) <0.001 
 Ungelatinised flour 24 (17) 58 (22) 33 (20, 47) <0.001 
 Ungelatinised kibbled wheat 37 (22) 48 (24) 9 (-5, 23) 0.206 
 Gelatinised flour 33 (20) 53 (26) 18 (3, 33) 0.024 
 Gelatinised kibbled wheat 34 (23) 50 (26) 14 (-2, 30) 0.083 
Breads  66 (19) 68 (21) -1 (-8, 6) 0.848 
 100% roller-milled flour 69 (19) 65 (24) -9 (-24, 6) 0.214 
 100% stoneground flour 63 (11) 64 (26) 0 (-13, 13) 0.996 
 
50% kibbled wheat, 50% roller-
milled flour 
65 (20) 66 (16) -2 (-16, 11) 0.734 
 
30% kibble, 30% intact wheat, 
60% roller-milled flour 
67 (24) 77 (16) 9 (-6, 23) 0.222 
Crackers  52 (19) 49 (26) -4 (-16, 8) 0.480 
 100% roller-milled flour 57 (18) 49 (29) -9 (-29, 10) 0.333 
 
30% kibbled, 30% intact wheat, 
40% roller-milled flour 
48 (20) 50 (23) 1 (-16, 18) 0.898 
a The overall palatability score is the mean of the responses to the four individual questions relating to visual appeal, taste, texture, and 






6.5.1 Appetite summary 
Gelatinisation resulted in lower measures of appetite sensations compared to 
ungelatinised porridges, while the flour porridges resulted in lower measures of appetite 
sensations compared to the kibbled wheat porridges among people with normal glucose 
tolerance; however, these differences were not statistically significant. It is possible that the 
combined effect of gelatinisation and particle size together was sufficient to significantly affect 
appetite, since the gelatinised flour porridge lowered post-meal sensations of appetite by 19% 
compared to the ungelatinised kibbled wheat porridge (mean difference -817 mm•min; 95% CI: 
-1526, -108). For breads and crackers, there was no evidence that differences in grain particle 
size affected appetite sensations among people with normal glucose tolerance. 
During data cleaning, the appetite responses among people with type 2 diabetes had 
many points flagged as being ‘inconsistent’ (meaning that the participant’s response to one or 
more questions conflicted with the response to their other responses at the same time point), 
and it was not possible to correct these inconsistencies due to the high risk of making incorrect 
assumptions. It is not possible to ascertain whether these inconsistencies represent a high 
number of mistakes (perhaps due to not reading the questions or boredom with the 
questionnaire), or whether the appetite responses among people with type 2 diabetes did in fact 
represent a real state of appetite dysregulation.  
6.5.2 Palatability summary 
Wheat porridges were rated poorly by participants with normal glucose tolerance 
(mean (SD): 32 (21) mm), and the ungelatinised wheat flour porridge was rated the most 
unpalatable of the four wheat porridges (mean (SD): 24 (17) mm). However, among 
participants with type 2 diabetes, wheat porridges were better-liked (mean (SD): 54 (24) mm) 
and the ungelatinised flour porridge received the highest mean palatability rating (mean (SD): 
58 (22) mm).  
Breads were rated similarly among participants with normal glucose tolerance. 
However, for people with type 2 diabetes, the bread made with 30% kibbled wheat and 30% 
intact wheat had was rated as more palatable than all other breads, (and significantly more so 
for the comparisons with stoneground flour bread and 50% kibbled wheat bread).  
The 100% roller-milled flour cracker was rated as more palatable than the cracker made 
with 30% kibbled wheat and 30% intact wheat among participants with normal glucose 
tolerance; although the difference was not significant and taste scores were comparable 
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between the two. Among participants with type 2 diabetes, palatability scores for the two 
cracker varieties were similar.  
The findings for wholegrain breads are more practically applicable than the findings for 
wheat porridges and crackers. Commercial bread-making methods were used for bread 
development and preparation, while the wheat porridges were not made with consideration to 
commercial use, and the crackers were not comparable to those which are commercially 
available. This is likely reflected in the poorer palatability ratings for the wheat porridges and 
crackers compared to the breads.  
6.5.3 Contrasting with previous research 
It was expected that the wholegrain foods with larger grain particle size would result in 
lower postprandial sensations of appetite, compared with the wholegrain foods with smaller 
grain particle size. Several previous crossover studies have produced findings which support 
this hypothesis (18, 26, 27, 113), but there are others which have found no change in sensations 
of appetite or satiety according to grain particle size (21, 28), and in one study the self-reported 
‘desire to eat’ was higher in the mid- to later postprandial period (50 – 190 min post-meal) for 
oatmeal flake porridge than oatmeal flour porridge (25).  
There is a distinction between ‘appetite’ and ‘satiety’ because ‘appetite’ is influenced by 
both the state of fullness or emptiness in the upper gut and the anticipated pleasure of eating 
(100). By contrast, ‘satiety’ refers to the postprandial period in which further eating occasions 
are inhibited (102). Studies which measure self-reported satiety usually do so with numbered 
or visual analogue scales that refer to the terms ‘hunger’, ‘fullness’, or ‘satiety’ (18, 20, 26, 28, 
76, 109, 110), while appetite is assessed via several questions that include assessment of 
hunger, fullness, desire to eat, prospective food consumption, and satisfaction (103, 115).  
Few studies that compare wholegrain foods of varying grain particle size have reported 
on participants’ perceptions of palatability. The study which compared whole kernels of wheat 
(pressure-cooked), bulgur wheat (boiled), and wholemeal wheat bread found that the whole 
kernels were less palatable than both boiled bulgur wheat and wholemeal wheat bread, though 
not significantly. Muffins made from fine flour were considered more palatable than cracked 
grains that had been covered with water and baked, though the differences were not significant 
(18). It is also likely that for both studies (18, 20) differences in preparation method contributed 
to the differences in perceived palatability. A comparison between breads found that 100% 
wholegrain wheat flour bread was considered more palatable than with bread made with 85% 
kibbled wheat and 15% flour (28). Interestingly, participants in the present study did not show 





In the present study, wheat porridges were the only food processing category in which 
grain particle size may have influenced postprandial appetite, but not in the way that was 
expected since it was the wheat flour porridge that resulted in a lower appetite AUC compared 
to the kibbled wheat porridge. None of the previous studies which included wheat-based meals 
are directly comparable, since none of these used porridge as a food preparation method. 
Instead, wheat flour was baked into breads (20, 26, 28) or muffins (18), while whole or cracked 
kernels were either covered in water and baked (Holt, Jenkins), pressure-cooked (20), soaked 
prior to mixing with flour to form dough or bread (28), or cooked prior to mixing with flour to 
form dough for bread (26). The studies which used wet baking or pressure cooking for cracked 
and whole kernels compared these with wholegrain flours that were baked into traditional 
breads or muffins(18, 20). The present study provides a direct comparison between grain 
particle sizes because the preparation methods were kept consistent for the cooked and 
uncooked wheat porridges. It is possible that differences in wheat porridge viscosity were 
responsible for the findings in appetite response. Foods of higher viscosity result in lower 
postprandial sensations of appetite compared to foods of lower viscosity (113, 118). While 
viscosity was not directly measured in the present study, the ungelatinised porridges were 
visibly thinner than the gelatinised porridges, and the gelatinised flour porridge appeared to be 
stiffer than the gelatinised kibbled wheat porridge. The gelatinised wheat porridges generated a 
substantially and statistically significantly larger glycaemic response than the ungelatinised 
wheat porridges among normal glucose tolerant people, regardless of grain particle size 
(Chapter 3, TABLE 3.7 and TABLE 3.8)), This may suggest that the insulin response was also 
higher (although postprandial insulin concentration was not measured). If insulin is indeed an 
effective satiety signal (105) this could partially explain why the gelatinised porridges resulted 
in a slightly (yet not significantly) lower appetite response.  
Breads and crackers 
There was no evidence of differences in measures of appetite sensation in response to 
breads and crackers of varying grain particle size. There are several possible explanations 
(reported below) for why this was the case despite contrasting findings from the studies by 
Hlebowicz et al. (2008) (26), Rosen et al. (2011) (27) and Holt et al. (1994) (18). Firstly, 
appetite responses were measured only for 105 minutes in the present study (between t=15 
and t=120 min). This time period was chosen because the primary outcome was glycaemic 
response, and this is sufficient time for the blood glucose concentration to return to the fasting 
blood glucose among normal glucose tolerant people. However, it is possible that 105 minutes 
was insufficient time for changes in appetite response to become apparent. Rosen and 
colleagues (27) calculated AUC’s for sensations of appetite measured via VAS from 0 – 60 min, 
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60 – 120 min, 120 – 210 min, and 210 – 270 min post-meal, and during the time 120 – 270 min 
post-meal finding that participants felt greater hunger and desire to eat after wholegrain rye 
flour bread compared to rye kernels. The amount of available carbohydrate in the study by 
Rosen et al. (2011) matched that of the present study, ruling out a portion size effect. 
Furthermore, it is possible that the appetite response to wholegrain foods may persist into the 
next day (76, 123). When bread made from high ß-glucan barley was eaten as an evening meal, 
the postprandial appetite response to a standardised breakfast the following morning was 
lower than when a variety of other barley breads without ß-glucan were consumed the night 
prior (76). In the same study, breads containing either whole or cracked barley kernels 
consumed in the evening resulted in equivalent appetite responses to a standardised breakfast 
the following morning; however, it is possible that the difference in grain particle size was not 
sufficiently different to affect appetite. For the present study, changes in sensations of appetite 
in response to breads and crackers of various grain particle size may have become apparent at a 
time beyond the early- to mid-postprandial phase (where ‘early’ is 0 – 60 minutes and ‘late’ is 
120 minutes and beyond).  
Secondly, the present study used an overall ‘appetite score’ to describe appetite at each 
time point for each test food, which was the mean of the responses to the four questions, 
calculated for each participant at each time point and for each test food. This provides a more 
robust measure of appetite and is less likely to result in ‘false positive’ findings (115); however, 
some of the previous studies which used several questions to assess appetite, but analysed each 
question separately, found differences in only one or two of the measures of appetite sensations 
(25, 27, 113). Also, some studies did not use AUC, but instead compared the sensations of 
appetite at each single time point measured (20, 25), and this method has poorer repeat-
reliability than using AUC (115). The present study used a conservative approach to assess 
postprandial appetite by combining all four questions to form an ‘appetite score’ and by using 
AUC only to describe the postprandial appetite response. This was appropriate given the small 
sample sizes, especially for the breads and crackers.  
The discrepancies between finding from the present study and some previous studies 
that found that wholegrain foods with more intact grains generated a lower appetite or a higher 
satiety response than wholegrain foods containing grains of smaller particle size (18, 26, 27, 
113) may be due to the relatively short postprandial time for which appetite was measured, or 
it may be because appetite was analysed as a single appetite score rather than keeping 
responses to the appetite-related questions separate for analysis.  
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6.5.4 Strengths and limitations 
Limitations 
The present study, like other similar studies, did not investigate satiation. Satiation 
refers to the feeling of fullness and the reduced food reward experienced toward the end of a 
meal, which triggers the cessation of food consumption (101). While satiation is affected by 
other factors (such as how people tend to finish what is on their plate), it is possible that foods 
with more intact grain structures may promote satiation earlier than foods with smaller grain 
particle size. Food which are visually more complex are considered more likely to be more 
‘filling’ than less visually complex foods (117), and while this represents the perception of how 
filling the food is rather than the actual experience of eating it, perception is important because 
people often select their meal size based on how satiating they expect the food to be (115).  
The anchors at each end of the scale for the question “How satisfied do you feel?” may 
have been difficult to interpret (FIGURE 6.2). The right-hand anchor was described as “I’m 
completely satisfied”, but the left-hand anchor was described as “I’m completely empty” which 
does not describe a state of satisfaction, but instead a state of lack of fullness. In the 
questionnaire by Flint et al. (2000) the anchors for their question relating to satisfaction were 
‘I’m completely empty’ and ‘I cannot eat another bite’, both of which are a similar way to 
describe fullness. In a different previous study, which assessed postprandial appetite similarly 
(124), the anchors for the question “How satisfied do you feel?” were marked as ‘not at all’ and 
‘extremely’, possibly to differentiate the question from the question related to feelings of 
fullness; but then participants appeared to misunderstand the definition of ‘satisfied’. To 
address the concern about the potentially ambiguous anchor at the left-hand end of the VAS for 
the question “How satisfied do you feel?”, a sensitivity analysis was conducted, where responses 
to this question were removed from the appetite score. Since this did not result in changes to 
the results, it likely that the question as generally interpreted consistently with the three other 
questions relating to appetite. It is possible that a question about ‘satisfaction’ is more suited to 
assessments of satiation because it may be used to describe the sensation that triggers meal 
cessation. 
The present study was not powered for the purpose of detecting differences in 
postprandial appetite AUC, but estimates are provided with 95% CI and p-values. Furthermore, 
the postprandial time over which appetite was assessed was only 105 minutes, whereas Visual 
Analogue Scales have been validated for a four hour postprandial period (103). Therefore, the 
findings in the present study do not provide definitive conclusions about the effect of variations 
in grain particle size and processing method on appetite.  
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The appetite responses among people with type 2 diabetes could not be interpreted 
with any confidence given the unreliability of their data. The large number of inconsistently 
answered questionnaires among people with type 2 diabetes could be due to either mistakes 
made while reading and interpreting the questions, or it could be due to conflicting sensations 
of appetite, suggesting that people with type 2 diabetes do not have ‘typical’ sensations of post-
meal appetite. It is not possible to know whether either or both of these factors were 
responsible, but a relatively high proportion of inconsistently answered questionnaires call into 
question the reliability of the data. The review by Flint et al. (2007) found that the postprandial 
insulin response was correlated with both sensations of hunger and satiety and total energy 
intake at an ad libitum meal among normal weight participants, yet among overweight 
participants only the association between postprandial insulin and energy intake existed (105). 
Therefore, it is questionable whether overweight participants can accurately identify their 
sensations of appetite compared to normal weight people. This may help explain why the 
participants with type 2 diabetes (with mean BMI was over 30 kg/m2) had a more apparently 
conflicting sensations of appetite.  
Strengths 
A validated questionnaire used to assess sensations of appetite (103). The use of a single 
‘appetite score’ and the use of AUC to describe the postprandial appetite response are both 
considered to be more robust representations of appetite with a lower likelihood of producing 
spurious findings (115). Furthermore, the crossover design facilitated within-person 
comparisons, so each person acted as their own control.  
The comparisons between wholegrain foods of varying grain particle size were matched 
as closely as possible for processing method. The wheat porridges category provided a 
comparison between kibbled wheat and wheat flour which was not affected by differences in 
food preparation methods, unlike some previous studies which made flour into traditional 
bread or muffins while comparing this with a wet-baked or boiled cracked or whole grains (18, 
20). For the breads and crackers categories, kibbled and whole grains were pre-soaked by 
necessity, but apart from this the food processing methods were kept standard.  
Future research 
The present study and six of the seven previous studies (18, 20, 25-28) examined the 
effect of wholegrain particle size as a secondary aim of the studies, which may explain why 
results are equivocal. To confirm the effect of wholegrain particle size on postprandial 
sensations of appetite, appropriately powered studies that use a validated questionnaire 
measured over four or more hours (103) and that use robust statistical analysis (115) should be 
conducted. Additionally, the satiating capacity (meaning the sensations that trigger the end of 
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meal consumption) of wholegrain foods containing intact grains, compared to those made with 
finely milled flour, could also be investigated.  
Another area for future research is examining the day-long effects of intact or cracked 
wholegrain foods on sensations of appetite, so that the time during colonic fermentation of 
resistant starch is captured. Additionally, a study could explore whether people with obesity or 
type 2 diabetes experience sensations of appetite different from non-obese or normoglycaemic 
individuals. This is based the observation in the present study that there was a large number of 
inconsistently answered appetite-related questions among the participants with type 2 
diabetes.  
6.6 CONCLUSIONS 
Variations in grain particle size of wholegrain breads and crackers did not affect 
postprandial sensations of appetite among participants with normal glucose tolerance. 
However, for wheat porridges, using flour rather than kibbled wheat and having gelatinised 
rather than ungelatinised starch both slightly reduced (10% lower) postprandial sensations of 
appetite (representing lower hunger and desire to eat and more fullness), though to a small 
extent, and this did not reach statistical significance.  
For most processing conditions, palatability of the wholegrain foods containing intact 
and cracked grains or coarsely milled flour was similar to or more palatable than the 
wholegrain foods made from finely milled flour. Of note, older people with type 2 diabetes rated 
bread containing cracked and intact grains as more palatable than the three other breads, all 
with smaller grain particle size. This finding suggests that recommendations to choose 
wholegrain foods with intact and cracked grains for reduction of glycaemia may be well-
received and adhered to. 
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7 EFFECT OF WHOLEGRAIN FLOUR PARTICLE SIZE ON 
GLYCAEMIC AND INSULINAEMIC RESPONSE AMONG PEOPLE 
WITH RISK FACTORS FOR TYPE 2 DIABETES 
 
7.1 INTRODUCTION 
Few studies have measured the metabolic response to wholegrain foods made with 
coarse compared to fine flour (6, 23, 65) (Chapter 3, Chapter 4), and only two of these studies 
included participants with type 2 diabetes (65) (Chapter 4). No known studies have tested the 
effect of grain particle size on glycaemic response among people with prediabetes, despite this 
group comprising a large proportion of the population (89, 125). Risk of death is increased for 
people with impaired glucose tolerance and impaired fasting glucose (126). People with 
impaired glucose tolerance (IGT) are at risk of worsening to the point of being diagnosed with 
type 2 diabetes, at a rate of approximately 5 – 10% of people with IGT annually, and 
approximately 70% of people with IGT develop type 2 diabetes eventually (127).  People with 
IGT are able to return to a state of normal glucose tolerance (127) so providing additional 
specific advice about carbohydrate quality will be of value in this group of people who comprise 
a high proportion of people in New Zealand’s population (89). The studies presented in 
Chapters 3 & 4 are the only known studies to have specified the type of milling used to achieve a 
difference in grain particle size (stone-milling versus roller-milling), and they used a 
stoneground flour which was coarser than some commercially available stoneground flours 
(Appendix A9).  
Bread made with stoneground wholegrain flour results in a lower postprandial 
glycaemic response among people with type 2 diabetes, compared to bread made with roller-
milled wholegrain flour (23) (Chapter 4). The same effect is not seen among people with normal 
glucose tolerance (Chapter 3) (6, 18, 65), but among normoglyaemic individuals, coarse flours 
can reduce the postprandial insulinaemic response compared to finely milled flours (6, 18, 23). 
Stone milling typically produces flour with a larger mean particle size compared to roller milling 
(45, 46), and the bran and germ in stoneground flour is attached to pieces of endosperm while 
they are completely separated in roller-milled flour (45). However, stoneground flours differ 
widely in the proportion of fine (<150 m) and coarse flour particles (>250 m). Since the 
commercially available stoneground flours vary considerably in their particle size distribution 
(Appendix 13), the present study will include comparisons between breads made from two 
stoneground flours of differing grain particle size, to help inform general recommendations for 
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the use of stoneground flours to reduce postprandial glycaemia. Moreover, breads are a staple 
carbohydrate food in New Zealand (54).  
The aim of the study is to measure the acute metabolic response to breads made from 
roller-milled wheat flour and two stoneground wheat flours each differing in their grain particle 
size distribution, among people who are overweight, inactive and older in age, as these factors 
are associated with having prediabetes, insulin resistance, and increased risk of type 2 diabetes 
(89, 128-130).   
 
7.2 METHODS 
7.2.1 Study design and randomisation 
This randomised, controlled crossover trial was designed to test the 180-min blood 
glucose and insulin responses to three wholegrain breads differing in flour particle size among 
participants with known risk factors for type 2 diabetes. Each participant underwent a meal test 
on three separate mornings in randomised order to test the acute glycaemic and insulin 
responses to the three wholegrain wheat breads made with (1) fine roller-milled flour, (2) fine 
stoneground flour, and (3) coarse stoneground flour.  
The sample size estimate to detect a difference in blood glucose iAUC of 100 
mmol·min/L between conditions with 80% power to alpha=0.05 level was 21 participants. This 
sample size estimate uses data from a previous cross-over study comparing coarse stoneground 
flour to fine roller-milled flour in people with Type 2 Diabetes (1): the standard deviation of the 
difference iAUC (incremental area under the curve) was 152 units, with a mean difference iAUC 
of 97 units.  
Participants were randomised to the order that they would receive the test foods using a 
Williams Square design (83), which ensures that each test food is preceded and followed by 
each other test food in equal numbers. The recruitment aim was 24 participants so that each of 
the four randomisation orders for the Williams Square design would have an equal number of 
participants allocated to it. 
 
7.2.2 Participants 
7.2.2.1 Eligibility and recruiting 
Participants were males and females with known risk factors for type 2 diabetes: aged 
55 – 75, BMI >28 kg/m2, and not meeting the physical activity guidelines of >150 min moderate 
to vigorous intensity activity per week (89, 128-130). Exclusion criteria were: previous 
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diagnosis of diabetes, HbA1c measurement at or over 50 mmol/mol, current chronic infection, 
taking medication known to affect or control blood glucose, weight change greater than 2% in 
the previous 3 months, blood donation within previous 12 weeks, avoidance of, or allergy to, 
wheat or gluten, current attempt to lose or gain weight, and unwillingness or inability to comply 
with intervention requirements. Participants were recruited from Dunedin, New Zealand 
through email, flyers, social media, newspapers, and personal connections. Ethical approval was 
granted by the University of Otago Human Ethics committee (H19/098) and the trial is 
registered at the Australia New Zealand Clinical Trials Registry (ACTRN12619001142123). All 
participants provided informed consent.  
7.2.2.2 Screening 
People who expressed interest in participation and confirmed that they met the study 
eligibility criteria were invited to attend a screening visit held at the University of Otago Human 
Nutrition Clinic. Participants provided information on demographics, medical conditions, 
medications taken, and allergies and intolerances. Duplicate measures were taken for body 
weight to the nearest 0.1 kg, height to the nearest 0.1 cm using a calibrated stadiometer, and 
waist circumference to the nearest 0.1 cm (measuring the narrowest point between the iliac 
crest and lower ribs). Systolic and diastolic blood pressure taken near the end of the screening 
visit after participants had been seated for 10 or more minutes and was measured by a digital 
automatic blood pressure monitor (Omron, HEM-907, Japan), using the average of three 
consecutive tests taken in direct succession. Glycated haemoglobin (HbA1c) was measured in 
capillary blood from a finger prick with the Tina-quant Hemoglobin A1c Gen.2 kit, using the 
hemolysate application. These were analysed using a cobas c 311 (Roche Diagnostics; Basel, 
Switzerland).  
 
7.2.3 Description of wholegrain wheat breads tested 
Test meals consisted of bread providing 50 g available carbohydrate  (approximately 3 – 
4 slices) served alongside 250 mL water. Breads were isoenergetic and were matched for 
macronutrient composition and sodium.  
Breads were prepared by baking six loaves per batch at the Department of Food Science 
(University of Otago). Oil and room-temperature water were first placed into a large mixing 
bowl, and then combined dry ingredients were added all together. A Hobart mixer with a dough 
hook attachment kneaded the mixture for 25 minutes. Dough was weighed and portioned into 
six baking tins, and left to prove overnight at 5C. Breads were baked for 40 minutes at 175C. 
They were left to cool for four hours before being divided into portions containing 50 g available 
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carbohydrate. Portions were stored in a freezer at -20C. Portions were defrosted overnight in a 
refrigerator (4C) when required, and were removed from the refrigerator 45 minutes before 
consumption. 
 
TABLE 7.1: INGREDIENTS OF BREADS MADE FROM FINE ROLLER-MILLED FLOUR, FINE STONEGROUND FLOUR, AND COARSE 
STONEGROUND FLOUR 
Ingredient % of total Quantity per batcha 
Wholegrain wheat flourb 55% 3223.8 
Water 39% 2321.4 
Salt 1% 48.6 
Improver & Softener <1% 32.4 
Gluten 3% 193.2 
Calcium acetate <1% 19.2 
Vegetable oil <1% 32.4 
Yeast <1% 18.0 
a Each batch produced six loaves. 
b Fine roller-milled flour, fine stoneground flour, and coarse stoneground flours were used for each of the 




7.2.3.1 Particle size analysis 
Flour particle size was determined by sieve analysis (84). The proportion of grain 
retained on sieves of defined sizes was measured by a mechanical sieve which held sieves that 
retained grains at 63, 90, 125, 180, 250, 355, 500, 710, 1000, and 1400 m. Samples of flour (40 
g) were added to the topmost sieve (1400 m sieve), and the mechanical shaker was run for ten 
minutes. The proportion of grains left on each sieve were measured to assess the grain particle 
size distribution.  
Four wholegrain stoneground flours were measured to assess particle size distribution 
(Appendix A9), and the two with the highest and lowest proportions of particles below 180 m, 
representing fine and coarse stoneground flour, were selected to make the test breads (TABLE 
7.2).  
 
TABLE 7.2: FLOUR PARTICLE SIZE DISTRIBUTION OF ROLLER-MILLED FLOUR, FINE STONEGROUND FLOUR, AND COARSE STONEGROUND 
FLOUR 




 stoneground flour 
Very coarse 
% ≥1.4 m 0.8 0.2 0.2 
% 710 – 1399 m 5.6 1.9 16.6 
Coarse % 356 – 709 m 9.2 9.5 35.7 
Medium % 181 – 355 m a 2.1 11.1 22.5 
Fine % 91 – 180 m 31.6 47.8 11.3 
Ultra-fine % ≤90 m b 47.7 25.2 12.3 
 % Lost c 2.9 4.4 1.4 
a Larger than the average size of a wheat endosperm cell (100 – 150 m) (10).  
b Smaller than the average size of a wheat endosperm cell (100 – 150 m) (10). 
c The sieve stack was not airtight and it is likely that the ‘lost’ portion was comprised of fine particles. 
 
7.2.3.2 Methodology of nutrient composition analysis 
Nutrient composition of the three test breads is described in TABLE 7.3. Freshly made 
and cooled bread samples were vacuum sealed and sent to an independent laboratory (Assure 
Quality) for nutrient analysis. Carbohydrate by difference was determined by calculating the 
sum of fat, protein, fibre, and ash and subtracting the difference from 100. The nutrient analysis 




TABLE 7.3: NUTRIENT ANALYSIS OF BREADS MADE FROM ROLLER-MILLED FLOUR, FINE STONEGROUND FLOUR, AND COARSE 
STONEGROUND FLOUR 
 Roller-milled flour bread 
(g/100g) 






Ash 1.9 1.9 2.1 
Carbohydrate by 
difference 
35.0 35.8 34.0 
Energy (kJ) 938 942 933 
Dietary Fibre 7.2 7.4 8.6 
Moisture 42.4 41.7 41.5 
Protein 10.8 10.7 11.2 
Starch 30.8 28.5 29.3 
Fat 2.7 2.5 2.6 
A protein conversion factor of 5.83 was used to convert nitrogen into protein content as is appropriate for 
wholegrain wheat (131).   
 
7.2.4 Testing protocol 
Participants arrived at the clinic (University of Otago, Dunedin) between 0700 and 0730 
hours, having fasted for ten or more hours. Participants chose which  mornings it suited them to 
attend for testing, with the restriction that they were not able to choose to attend on 
consecutive days. They participated in a total of three tests on three different mornings testing 
the three different breads. They were blinded to which of the test breads they had at each visit. 
On the day prior to each test morning, participants were instructed to avoid alcohol, and to keep 
consistent their evening meal and physical activity. Participants recorded their physical activity 
levels and the timing and composition of their evening meal, and brought their recording sheet 
to each scheduled test morning to confirm adherance. At each study morning, participants 
confirmed that they were free from acute or chronic infection.  
Upon arrival at the clinic, participants completed a questionnaire to confirm their 
adherence to the study conditions (fasting overnight, alcohol avoidance the day prior, consistent 
evening meal and exercise patterns the day prior), and if these conditions were not met the 
participant was re-scheduled. Participants had a cannula (BD® Insyte Autoguard shielded I.V. 
Catheter 20G) placed into a forearm vein by a trained health professional for sampling of blood 
insulin and a one-off sample to measure glycated haemoglobin. After cannulation, participants 
remained seated for ten or more minutes and then blood samples were taken for baseline blood 
glucose and insulin measurements: two capillary blood samples were taken within 5 minutes 
via fingerprick to assess fasting blood glucose concentration, and a 2 mL venous blood sample 
was taken via the cannula to measure fasting insulin concentration. Immediately after baseline 
tests, participants were given their test meal and 250 mL water to consume within 10 minutes 
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or as close to this time as they could reasonably manage. The time taken to finish eating the test 
meal was recorded. Blood glucose and insulin concentration were measured via a single 
fingerprick and a 2 mL venous blood draw, respectively, at 15, 30, 45, 60, 90, 120, 150, and 180 
minutes from the time of meal commencement. Alcohol swabs were used to clean the finger 
prior to each fingerprick. Participants remained seated unless they needed to visit the bathroom 
in an adjacent room.  
Capillary blood glucose concentration were immediately analysed using a HemoCue 
Glucose 201+ analyser. Each HemoCue Glucose 201+ analyser was tested against the Glucotrol®-
NG controls (Levels 1, 2, and 3) and outcomes were within the specified ranges (Appendix 
A11).   
To measure plasma insulin, each 2 mL venous sample was drawn directly into an EDTA-
coated vacutainer (BD® Vacutainer K3EDTA). Immediately prior to the venous blood collection, 
1 mL of blood was drawn from the cannula and discarded, to ensure that the sample did not 
include blood trapped in the cannula. After each 2-mL sample was collected, the cannula was 
cleaned with a 3 mL saline flush. Venous blood samples were held during the test morning for 
up to 3.5 hours in an insulated container containing an ice pack. Blood samples were then 
centrifuged at 2000 RPM for 10 minutes, and for each blood sample, plasma samples were 
stored in duplicate at -80C for up to 4 months. Plasma insulin was measured with a Elecsys 
Insulin kit, (Cat. No. 12017547), using a Cobas e 41 analyser (Roche Diagnostics; Basel, 
Switzerland). The coefficients of variation for the Elecsys Insulin Kit were 2.31% and 2.04% for 
the low and high controls, respectively, calculated from 13 tests (Appendix A11).  
 
7.2.5 Data entry and statistical analysis 
Statistical analyses were conducted using Stata/IC 16.1 (StataCorp, Texas).  
Incremental area under the blood glucose curve (iAUC) was calculated over 180 minutes 
using the trapezoidal method, ignoring the area below baseline. The same method was used to 
determine insulin iAUC, except that it was calculated over 150 minutes because venous blood 
samples at 180 minutes were not available for several participants due to cannula failure.  
Differences in blood glucose and insulin iAUC between test foods were examined using a 
mixed effects regression model with blood glucose or insulin iAUC as the dependent variable, 
test food as the independent variable and with participant as a random effect. Insulin iAUC 
values were log-transformed for analysis and then back-transformed to obtain percent 
differences. For both blood glucose and insulin iAUC, robust variance structure was used. 
Variables for randomisation order and time taken to eat the test food were included in the 
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models. Adjustment for these variables was decided a priori, since time taken to eat is known to 
affect postprandial glycaemia (85) and order group is a design element (132). Mean differences, 
95% CI and p-values were calculated. P<0.05 was considered statistically significant with no 
adjustment for multiple tests. 
Participants for whom any one the following applied were categorised as having 
features of glucose intolerance: fasting blood glucose ≥6.1 mmol/L or HbA1c ≥ 40 mmol/mol. 
These conditions were chosen as they are similar to those used to diagnose prediabetes in New 
Zealand (87). One participant for whom these conditions did not apply was considered to have 
features of glucose intolerance because they were clearly hyperinsulinaemic (with all insulin 
iAUC’s above the 95th percentile of the group data) (Appendix 10), and their fasting blood 
glucose was considered to be impaired (5.6 mmol/L) according to the American Diabetes 
Association (133). Because the participants were heterogenous in their degree of glucose 
intolerance, an exploratory sensitivity analysis was conducted to determine whether having 
features of glucose intolerance moderated the effect of flour particle size on postprandial blood 
glucose and insulin iAUC. The mixed effects regression models for blood glucose and insulin 
iAUC were repeated stratified by prediabetes or normoglycaemia, and effects were compared 





FIGURE 7.1: PARTICIPANT FLOWCHART 
 











n=4 did not meet BMI 
criteria
n=1 was practicing 
intermittent fasting
n=2 discontinued:
n=2 could not be 
cannulated
n=22 included in insulin comparisons 
because n=1 could not be cannulated 
on their third visit
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TABLE 7.4: PARTICIPANT CHARACTERISTICS 
Participant characteristics  Mean (SD) 
Age (years)  63.6 (5.5) 
Sex (%female)  74% 
HbA1c (mmol/mol)a  36.4b 
BMI (kg/m2)  35.9 (6.7) 
Systolic blood pressure (mmHg)  133.4 (21.9) 
Diastolic blood pressure (mmHg)  80.3 (10.2) 
Waist circumference (cm) 
Males 109.4 (4.2)c 
Females 106.6 (11.5)d 
Fasting blood glucose (mmol/L)e  5.2 (0.8) 
a HbA1c was available for 22 of the 23 participants. Due to researcher error a sample for measuring HbA1c was 
not collected from one participant  
b Since there were 8 participants with features of glucose intolerance and 14 with normal glucose tolerance, 
HbA1c was not normally distributed. The median was 36.5 mmol/mol (25th and 75th percentiles 31 – 40).  
HbA1c values may not be reliable because the coefficient of variation for the Control Level 1 was 11.4% (SD 
4.3%), based on 12 measurements. 
c Missing waist circumference for one of the six male participants 
d Missing waist circumference for one of the seventeen female participants 
e Mean of fasting blood glucose across the three test days.  
 
Thirty-three participants attended a screening visit, but eight of these were excluded 
from participation (FIGURE 7.1). Hypertension was not an initial exclusion criterion, but for 
ethical reasons a decision was made to advise that participants with both systolic and diastolic 
blood pressure higher than 160 and 100 mmHg, respectively, should prioritise treating their 
hypertension without delay. Two participants could not complete the study because they could 
not be cannulated for blood sampling.  
Twenty-three participants completed the study. Twenty-one were NZEO or white, one 
was Māori, and one was Filipino. Twenty participants (87%) reported that their weight had 
been stable over the previous six months; two reported a slight weight decrease and one 
reported a slight weight increase, but all changes were estimated within 2% of current body 
weight. Eleven participants (48%) took medications for cardiovascular disease. Participants 
self-reported that they engaged in a median of 20 minutes of moderate to vigorous intensity 
exercise per week (25th, 75th percentiles: 0, 100 minutes) (self-reported). Fasting blood glucose 
ranged from 4.2 to 7.4 mmol/L.  
When considering the group as a whole, there was no evidence of differences in blood 
glucose iAUC (TABLE 7.5) or insulin iAUC (TABLE 7.6) in response to any of the three breads. The 
blood glucose iAUC for coarse stoneground flour bread was lower than for the fine stoneground 
flour bread (mean difference -20.8 (-51.5, 10.0) mmol×min/L) and for the fine roller-milled 
flour bread (mean difference -23.3 (-57.6, 11.0) mmol×min/L), but these differences were small 
and not statistically significant. The insulin iAUC for fine stoneground flour bread was lower 
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than for the fine roller-milled flour bread (% difference (95% CI) = -6.9% (-20.5%, 9.2%)), while 
the insulin iAUC for the coarse stoneground flour bread was higher than the fine roller-milled 
flour bread (% difference (95% CI) = 9.9% (-2.6%, 23.9%)), but these differences were also not 
















-2.5 (-37.6, 32.8) -23.3 (-57.6, 11.0) 
Fine stoneground 
flour 
279.0 (100.6) p=0.889 
Fine stoneground 
flour 
-20.8 (-51.5, 10.0) 
Coarse stoneground 
flour 
258.8 (76.3) p=0.184 p=0.185 
Coarse 
stoneground flour 
a Adjusted for randomisation order and time-to-eat 
 

































a Adjusted for randomisation order and time-to-eat.  
Insulin iAUC was calculated using the 0 – 150 min measures. 





FIGURE 7.2: MEAN POSTPRANDIAL CAPILLARY BLOOD GLUCOSE RESPONSES TO WHOLEGRAIN BREADS OF DIFFERENT MILLING METHOD 
AND GRAIN PARTICLE SIZE AMONG PARTICIPANTS WITH KNOWN RISK FACTORS FOR TYPE 2 DIABETES (N=23). THIS FIGURE IS INTENDED 
TO ILLUSTRATE POSTPRANDIAL GLYCAEMIC RESPONSE PATTERNS; ERROR BARS ARE NOT INCLUDED TO AVOID INAPPROPRIATE 
INFERENCE GIVEN THIS IS A CROSSOVER TRIAL. 
 
 
FIGURE 7.3: MEAN POSTPRANDIAL INSULIN RESPONSES TO WHOLEGRAIN BREADS OF DIFFERENT MILLING METHOD AND GRAIN 
PARTICLE SIZE AMONG PARTICIPANTS WITH KNOWN RISK FACTORS FOR TYPE 2 DIABETES (N=23). THIS FIGURE IS INTENDED TO 
ILLUSTRATE POSTPRANDIAL INSULINAEMIC RESPONSE PATTERNS; ERROR BARS ARE NOT INCLUDED TO AVOID INAPPROPRIATE INFERENCE 




In an exploratory sensitivity analysis, those with feature of glucose intolerance (n=8) 
had a larger mean difference in glycaemic response between bread made from coarse 
stoneground flour and fine roller milled flour (mean difference (95% CI) = 37.5 (-34.2, 109.2) 
mmol×min/L), and between bread made from coarse stoneground flour and fine stoneground 
flour (mean difference (95% CI)= 39.5 (-22.4, 101.4) mmol×min/L), compared to those without 
features of glucose intolerance (TABLE 7.7 and TABLE 7.8). Those with features of glucose 
intolerance had a larger difference in insulin iAUC between the fine stoneground bread and the 
fine roller-milled flour bread, and between fine stoneground flour bread and the coarse 
stoneground flour bread, compared to those without features of glucose intolerance (TABLE 7.9 
and TABLE 7.10).  
Inclusion of time-to-eat in the model did not alter effect sizes for either blood glucose or 




TABLE 7.7: SENSITIVITY ANALYSIS FOR BLOOD GLUCOSE 3-H IAUC FOR BREADS PREPARED WITH DIFFERING FLOUR MILLING METHOD 











5.6 (-34.5, 45.8) 13.2 (-23.1, 49.6) 
Fine stoneground 
flour 
260.0 (87.6) p=0.784 
Fine stoneground 
flour 
7.6 (-27.3, 42.5) 
Coarse stoneground 
flour 




TABLE 7.8: SENSITIVITY ANALYSIS FOR BLOOD GLUCOSE 3-H IAUC FOR BREADS PREPARED WITH DIFFERING FLOUR MILLING METHOD 












-2.0 (-70.3, 66.3) 37.5 (-34.2, 109.2) 
Fine stoneground 
flour 
314.5 (119.3) p=0.954 
Fine stoneground 
flour 
39.5 (-22.4, 101.4) 
Coarse stoneground 
flour 







TABLE 7.9: SENSITIVITY ANALYSIS FOR INSULIN 150 MIN IAUC FOR BREADS PREPARED WITH DIFFERING FLOUR MILLING METHOD AND 


































TABLE 7.10: SENSITIVITY ANALYSIS FOR INSULIN 150-MIN IAUC FOR BREADS PREPARED WITH DIFFERING FLOUR MILLING METHOD 






































7.4.1 Summary of findings 
Among people with known risk factors for type 2 diabetes, there were no significant 
differences in glycaemic or insulinaemic response to breads made with coarse stoneground 
flour, fine stoneground flour, and fine roller-milled flour, though the glycaemic response to the 
bread made from coarse flour was approximately 8% lower than the two breads made from fine 
flour. When results were stratified by degree of glucose intolerance, the glycaemic response to 
the coarse stoneground flour bread was 12% lower than the fine roller-milled flour bread and 
13% lower than the fine stoneground flour bread among people with features of glucose 
intolerance (n=8). However, this exploratory sensitivity analysis relies on a small and poorly 
defined sample, so these findings are speculative and cannot inform a definitive conclusion.  
Insulin iAUC outcomes did not follow these trends observed for blood glucose iAUC, for 
either the primary analysis or the sensitivity analysis. Both the roller-milled flour bread and the 
coarse stoneground flour bread resulted in a higher insulinaemic response compared to fine 
stoneground flour bread in the primary analysis (n=23). These differences were larger among 
those with features of glucose intolerance (n=8).  
 
7.4.2 Contrasting with previous research & interpretations of results 
7.4.2.1 Postprandial glycaemic response   
The primary findings of the present study align with similar prior studies among people 
with normal glucose tolerance, which found that people with normal glucose tolerance have 
similar glycaemic responses to both coarse and fine wholegrain flours (6, 18, 23) ( Ch 2). 
However, the present study raises the question of whether those with features of glucose 
intolerance respond differently to differences in grain particle size than normoglycaemic 
individuals, even when all are older adults who are physically inactive and predominantly 
obese. It is possible that people with features of glucose intolerance are metabolically more 
similar to those with type 2 diabetes, who do experience lower postprandial glycaemia 
following consumption of breads made with coarse compared with fine wholegrain flour (23) 
(Ch 4).  
The grain particle size distribution of stoneground or coarse flours may be an important 
predictor of whether the flour is efficacious in reducing the postprandial glycaemic response. 
Two of the studies which found no significant difference in postprandial glycaemia in response 
to breads made from coarse compared to fine flour also recruited participants with type 2 
diabetes (23)( Ch 3). The study by O’Donnell et al. (1989) (23) used fine flour which had a 
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majority (80%) of finely milled particles (<140 µm), and coarse flour which had a minority (15 – 
20%) of finely milled particles and also 40% consisting of larger particles (>1000 µm). 
Consumption of their coarse flour bread resulted in a glycaemic response 20% lower than the 
fine flour bread among nine participants with type 2 diabetes. For the normoglycaemic 
participants in the study by O’Donnell et al. (1989), the glycaemic response to the coarse flour 
bread was 34% lower than the fine flour bread, but the difference was not statistically 
significant. The study presented in Chapters 3 and 4 used fine roller-milled flour which had a 
majority (77%) of finely milled particles (<150 µm), and a coarse stoneground flour which had a 
minority (9%) of finely milled particles and also 25% of particles over 850 µm. Participants 
with type 2 diabetes experienced lower postprandial glycaemia following the coarse flour bread 
compared to the fine flour bread (Ch 4, but among normoglycaemic participants there was no 
difference in postprandial glycaemia (Ch 3).  
The coarse stoneground flour in the present study had a larger proportion of fine 
particles than the coarse stoneground flour used in the study described in Chapters 3 and 4, and 
a smaller proportion of larger particles than in the study by O’Donnell et al. (1989) (23) and the 
studies described in Chapters 3 and 4. The coarse stoneground flour in the present study had 
approximately 20% of fine particles (below 150 µm) and approximately 17% of particles over 
710 µm. (The sieves used in the present study were 125 and 180 µm, so the median of the 
proportion of flour between 125 and 180 µm was used to approximate where 150 µm would 
be). It is apparent that describing grain size of a food by its mean or median particle size may 
provide insufficient information. The research in this thesis suggests that to reduce the 
glycaemic response to wholegrain foods, the proportion of fine flour (<150 µm) should be 
minimised, and replaced with coarsely milled flour and cracked and intact grains.  
7.4.2.2 Postprandial insulinaemic response  
In this study the postprandial insulin iAUC responses did not resemble the pattern of the 
postprandial blood glucose iAUC to the three breads. It was also unexpected that the insulin 
iAUC was lower after fine stoneground flour bread compared to the coarse stoneground flour 
bread (though this difference was small and not statistically significant). The study by O’Donnell 
et al. (23) found that both people with type 2 diabetes and people with normal glucose tolerance 
had a significantly lower insulinaemic and glycaemic response following bread made with 
coarsely milled flour compared to finely milled flour, though the difference in postprandial 
glycaemia was not statistically significant for the normoglycaemic participants. Two other prior 
studies which included comparisons between wholegrain foods made from coarse compared to 
fine flours among normoglycaemic individuals found that postprandial insulin iAUC was 
significantly lower after coarse flour products compared to fine flour products, but there were 
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no significant differences in postprandial glycaemia (6, 18). It is possible that in the studies by 
Heaton et al. (1988) and Holt et al. (1994), postprandial insulinaemia was a more sensitive 
marker of metabolic response than postprandial glycaemia (6, 18). The study by Holt et al. 
(1994), which included more comparisons between foods of various particle sizes that are not 
discussed here, also found that there was a direct relationship between all blood glucose and 
insulin iAUC responses (18). It was therefore expected that in the present study, the 
insulinaemic responses would at least reflect the pattern shown in the glycaemic response. 
However, insulinaemic responses that do not correlate with the glycaemic response have been 
observed in other trials – in the study by Heaton et al. (1988), there were no significant 
differences in the glycaemic response to whole oats, rolled oats, and oat flour, the insulinaemic 
response to rolled oats was higher than for both whole oats and oat flour (6). Another study 
using oats found that the glycaemic response to boiled oat kernels was lower than for boiled 
rolled oats, but there were no differences in the insulinaemic response (17). For the present 
study, there is no obvious explanation for why the insulin iAUC was slightly lower after bread 
made from fine stoneground flour than the bread made from coarse stoneground flour.  It is 
possible that these findings were simply a chance finding and represent no trend at all. Another 
possibility is that the insulinaemic response may be a poorer marker of metabolic response 
among insulin insensitive participants.  
 
7.4.3 Why might differently sized flour particles be digested at 
different rates? 
It was expected that the consumption of bread made from coarse flour would result in 
either or both of a lower postprandial glycaemic and insulinaemic response compared to 
consumption of made from flours with smaller particle sizes. Smaller particles have a larger 
surface area to volume ratio than larger particles, increasing the amount of starch exposed to 
digestive enzymes. However, there are other mechanistic possibilities for why some studies 
have found that consumption of coarser flours result in lower glycaemic and insulinaemic 
responses compared with more finely milled flours.  
In the present study, the fine roller-milled flour may have contained more damaged 
starch than the fine stoneground flour, which in turn may have contained more damaged starch 
than the coarse stoneground flour. Flour particle size is inversely related to the amount of 
damaged starch granules (10, 46). Wheat flour particles of mean size 85, 330, and 705 m have 
9.3%, 4.3%, and 1.1% damaged starch, respectively (10), and ‘ultra-milled’ flour with mean 
particle size 32.1 m has more damaged starch than both roller-milled and stone-milled flour 
(46). Damaged starch is more susceptible to enzymatic degradation and it absorbs water more 
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easily than undamaged starch (10). The smallest particle size measured in the present study 
was 63 m, and the fine and coarse stoneground flours had 14% and 7.6% of particles <63 m, 
respectively, compared to the roller-milled flour, which had 26% of particles <63 m 
(Appendix A9), so it is likely that the proportion of damaged starch was reflected in the 
proportion of the particles below 63 m. It is not clear whether the proportion of damaged 
starch contributes to differences in glycaemic response beyond the effect of grain particle size, 
but flour particles as small as 63 m are rarely measured in trials that have examined the effect 
of grain particle size on glycaemic response. One study has explored whether ‘ultra-fine’ 
wholegrain flour affects postprandial glycaemia and insulinaemia, compared to conventionally 
milled wholegrain flour (65), but among normoglycaemic participants there were no significant 
differences in the glycaemic response. The conventionally milled wholegrain flour had 50% of 
particles <150 m, while the ultra-fine wholegrain flour had 100% of particles <150 m and 
45% <37 wholegrain flour had 50% of particles <150 m. Neither the present study nor the 
study by Behall et al. indicate that differences in the proportion of ultra-fine flour affect 
postprandial glycaemia or insulinaemia (65). Instead, it may be sufficient to recommend that 
‘fine’ flour particles (up to 180 m) should be minimised in order to control glycaemia for 
people with declining insulin sensitivity.    
Damage to wheat cell walls is not the same as damage to the starch granules, but having 
undamaged wheat cell walls can both slow the rate of starch hydrolysis by pancreatic amylase 
and also limit starch gelatinisation by physically limiting the swelling capacity of the starch 
granules (10). Gelatinised starch is able to be hydrolysed by digestive enzymes more quickly 
than ungelatinised starch (8). The average size of a wheat endosperm cell is 100 – 150 m, and 
at a flour particle size of 85 m almost all wheat cell walls are damaged, while undamaged cells 
may be found in farina of mean size  330 m and larger clumps of numerous undamaged 
endosperm cells are present in particles of mean size 710 m (10). The fine and coarse 
stoneground flours in the present study had 25% and 12% of particles <90 m, respectively, 
compared to the roller-milled flour, which had 48% ultra-fine particles (TABLE 7.2). At <90 m, 
almost all cell walls can be expected to be damaged. However, when comparing the proportion 
of flour particles below 180 m, there was little difference between the roller-milled flour (79% 
<180 m) and fine stoneground flour (73% <180 m), while the coarse stoneground flour had 
had 24% of particles <180 m. Since it is likely that many cell walls are damaged at a particle 
size of <180 m, this may explain why there was no trend toward lower glycaemic response in 
the fine stoneground flour bread compared to the roller-milled flour bread. Furthermore, the 
proportion of coarse particles (356 – 710 m) was approximately the same for the roller-milled 
flour and the fine stoneground flour (9% and 10%, respectively), while 36% of the coarse 
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stoneground flour was between 356 and 710 m. Despite the differences in flour particle size 
distribution between the coarse and fine flours in the present study, a significant difference in 
postprandial glycaemic or insulinaemic response between bread made from coarse flour and 
breads made from fine flour was not detected. It is possible that the proportion of fine particles 
in the coarse flour was too high (see SECTION 7.4.2.1 for details) to reduce glycaemia or 
insulinaemia. Moreover the participants were not as glucose intolerant as people with type 2 
diabetes, for whom the beneficial effects of coarsely milled flour have been indicated (Chapter 
4) (23). 
 
7.4.4 Structural differences between stoneground and roller-milled 
flours 
While the proportion of flour between 356 -710 m was similar for both the finer 
stoneground flour and the fine roller-milled flour, it is worth noting that for the roller-milled 
flour the particles in this category consisted primarily of bran and germ which were entirely 
separated from the endosperm, and by contrast stoneground flour has parts of the endosperm 
still attached to bran and germ . This structural difference between roller-milled and 
stoneground flour is one of the reasons why fine stoneground flour was included in this study. It 
is not likely that fine stoneground flour beneficially affects the glycaemic and insulinaemic 
response compared to roller-milled flour, despite the structural differences and the 
comparatively lower proportions of ultra-fine flour (<90 m). However, it is not yet clear the 
extent to which particle size of stoneground flour may be milled before its beneficial effect on 
metabolic response is lost, since the present study compared stoneground flours of markedly 
different particle size distributions.   
 
7.4.5 Variation in particle size among stoneground flours 
An important finding is that stoneground flours do vary considerably in their mean 
particle size and particle size distribution (Appendix A9). Two previous studies have presented 
particle size analysis of stoneground flours, but neither demonstrated the variability in particle 
size distribution within stoneground flours from different sources (45, 47). Consumers are not 
able to determine which flours are coarse, since details on particle size are not included on food 
packaging labels. Furthermore, differences in particle size may occur even within the same mill; 
the stoneground flour in Chapters 3 & 4 and the coarse stoneground flour in the present study 
were sourced from the same supplier at different times, yet the two batches differ in their 
particle size distribution. Another possible source of confusion for consumers is that refined 
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(‘white’) stoneground flour is commercially available, and as Appendix A9 demonstrates, there 
are no appreciable differences in flour particle size compared to white roller-milled flour.  
 
7.4.6 Limitations and strengths 
It would have been preferable to recruit participants with prediabetes, since no studies 
have studied the effect of grain particle size on metabolic response for this group. However, this 
was not done due to time constraints and the difficulty associated with recruiting for a condition 
that people may be unaware that they have. The post-hoc analysis suggests that a future study 
should explore whether people with prediabetes respond differently to the effects of grain 
particle size compared to normoglycaemic people.  
Unfortunately there are limitations to the applicability of the sensitivity analysis. Several 
participants were determined to have ‘features of glucose intolerance’ based on their HbA1c, 
however the %CV for the normal-level controls for the laboratory analysis of HbA1c was over 
11%, indicating that these measures may be unreliable. While some people with features of 
glucose intolerance could be identified by their high fasting blood glucose or hyperinsulinaemia, 
it is possible that others may have been incorrectly identified. Because of this, participants 
defined as having features of glucose intolerance’ could not be defined as prediabetic. The 
requirement for the diagnosis of prediabetes is having HbA1c 41-49 mmol/mol and elevated 
fasting blood glucose (6.1 – 6.9 mmol/L) (87), but due to the concerns regarding HbA1c data, 
participants could not be definitively categorised as having prediabetes. However, specifications 
to determine those at risk of diabetes are not consistent. The American Diabetes Association 
describes ‘increased risk for diabetes’ as having fasting plasma glucose 5.6 – 6.9 mmol/L and 
HbA1c of 5.7 – 6.4% (38.8 – 46.4 mmol/mol), but acknowledges that the risk is continuous and 
higher at the higher ends of the ranges.  
The purpose of the sensitivity analysis was to determine if degree of glucose intolerance 
moderated the effect of flour particle size on glycaemic and insulinaemic response, since the 
group was heterogeneous in their glucose tolerance status. Therefore, the specifications used to 
determine those with features of glucose intolerance were likely to be adequate for stratifying 
according to degree of glucose intolerance, despite the limitations to the reliability of the HbA1c 
data. It should also be noted that this sensitivity analysis is underpowered and was only carried 
out for exploratory purposes. Therefore the findings may be useful to hypothesise future 
research directions, but not to draw conclusions from.  
Most studies on grain particle size and the blood glucose and insulin response have 
compared grains of vastly differing particle size (i.e. kernels, cracked kernels, and flour), while 
fewer have included comparisons between coarser and finer flour (6, 18, 23, 69) (Ch 2/3). 
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Investigating particle size within flour is of benefit because the food preparation methods are 
identical to each other, while comparing breads made with kibbled or intact wheat with breads 
made from flour introduces additional processing conditions as the kibbled and intact grains are 
pre-soaked (6, 28) (Chapters 3 and 4). While breads including intact and kibbled wheat are 
known to decrease the glycaemic response for people with type 2 diabetes, it is useful to offer 
coarsely-milled stoneground flour as an alternative free from intact grain for people who do not 
enjoy or are not able to eat ‘chewier’ intact wholegrains.  
 
7.4.7 Future research  
Further research should investigate the effect of flour particle size on postprandial 
glycaemic and insulinaemic response among participants with prediabetes or impaired glucose 
tolerance, as this group has not been included in prior studies examining the effect of grain 
particle size on the metabolic response.  
Only one prior study (65) and the present study examined the effect of the proportion of 
ultra-fine flour (<90 m) on the glycaemic response. Neither detected a statistically significant 
effect of the proportion of ultra-fine flour on the glycaemic response, but this has not been 
tested among people with type 2 diabetes. Since people with type 2 diabetes may be more 
sensitive to the effects of grain particle size on glycaemia than people without type 2 diabetes, 
an effect of ultra-fine flour on glycaemic response for those with type 2 diabetes may be worth 
examining.  
There are challenges to making a recommendation to consume wholegrain foods made 
from coarsely-milled flour rather than more extensively milled flour. First, the maximum 
proportion of fine particles will need to be established. The coarse flour used for the study 
described in Chapter 3 had less than 10% of fine particles and was effective in reducing 
glycaemia for people with type 2 diabetes, but the maximum percentage of fine particles 
allowed while still producing a lower glycaemic response is not yet determined. The coarse 
flour used in the present study had a similar proportion of  fine particles as the coarse flour that 
the study by O’Donnell et al. (1989) used, but the study by O’Donnell et al. (1989) study also had 
a high proportion of large particles (>1000 m) which may also have influence the metabolic 
response (23). In a future study, it would be useful to compare the glycaemic and insulinaemic 
responses to wholegrain foods made from predominantly coarse flours which vary in the 
proportion of fine particles. This will establish guidelines for the determination of which flours 
may be labelled as ‘coarse’. The second challenge is that of manufacturing and labelling. 
Currently it is not possible to determine which stoneground flours are appropriately coarse 
because flour particle size is not included on labelling. Quality control (to ensure mills 
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consistently produce flour at the specified grade) and labelling the flour particle size of products 
should be implemented alongside dietary advice.  
One other consideration for stoneground flour production is that particle size is not the 
only factor of stoneground flour quality – heat generated during stone milling can vary among 
mills from as low as 35C to as high as 90C millstones (46, 50, 51), and heat damage is 
associated with increased proportion of damaged starch for some wheat varieties and damaged 
polyphenols (51) and unsaturated fatty acids (50).   
 
7.5 CONCLUSION 
Among people aged 55 – 75 years who are overweight or obese and physically inactive, 
the present study did not detect a statistically significant difference in the glycaemic response to 
wholegrain breads made from coarsely milled compared to finely milled flour. However, 
findings from the exploratory sensitivity analysis suggest that people with features of glucose 
intolerance may respond differently to flours of different grain particle size compared with 
normoglycaemic people. Since a quarter of New Zealanders have prediabetes (89), it is 
important to include people with prediabetes in further studies on the effect of grain particle 
size on the metabolic response.  
Findings from the present study did not indicate that the proportion of ‘ultra-fine’ flour 
(<90 m) is an important determinant of the glycaemic response. Instead, a coarse flour 
characterised by minimal fine particles (<150 – 180 m) has the potential to reduce the 
glycaemic and insulinaemic response, but this needs to be confirmed in further studies.  
This study highlights the importance including the flour particle size of stoneground 
flours on food labels, as a recommendation to choose coarsely milled flour is only realistic if 
consumers are aware of which flours and wholegrain products are made from stoneground 
flour.  
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8 CONCLUSIONS AND APPLICATIONS TO DIETARY 
RECOMMENDATIONS 
8.1 OVERVIEW OF FINDINGS  
The findings in this thesis confirm and extend previous research demonstrating the 
extent to which wholegrain foods with cracked and intact grains or coarsely milled flour 
generate lower postprandial responses compared with extensively milled wholegrains. This 
thesis addresses questions that were previously gaps in the literature; specifically, Is the effect of 
grain particle size on glycaemic response moderated by food processing conditions? and Is the 
extent to which grain particle size affect glycaemic response related to the degree of glucose 
intolerance? Research in this thesis also suggests that the grain particle size distribution may be 
a better predictor of the glycaemic response than the mean or median grain particle size.  
The first two studies in this thesis explored the effect of grain particle size of wholegrain 
wheat foods on postprandial responses among people with and without type 2 diabetes and 
across four distinct food processing conditions – bread (wet baking), crackers (dry baking), and 
gelatinised and ungelatinised wheat porridges (Chapters 3 – 5). Visual Analogue Scales were 
used to assess the palatability and the postprandial sensations appetite for each wholegrain 
food varying in grain particle size (Chapter 6). The final study explored the effect of flour 
particle size of wholegrain bread on postprandial glycaemic and insulinaemic responses among 
people with known risk factors for type 2 diabetes.  
Physiological rationale for the effect of grain particle size on glycaemic response 
Following the consumption of a carbohydrate-containing food, carbohydrates undergo 
enzyme-mediated hydrolysis to release monosaccharides, including glucose; and blood glucose 
concentration begins to increase as the glucose is absorbed (58). Larger grain particles have a 
smaller surface area to volume ratio, so the time taken for digestion mediated by amylase is 
expected to be longer, and the subsequent absorption of glucose will occur more slowly. The 
volume of insulin secreted to facilitate the movement of blood glucose into the cells is relative to 
the blood glucose concentration (134), and is therefore closely related to the blood glucose 
concentration. After consumption of more intact wholegrains, it is possible that starch will be 
incompletely digested in the small intestine (49), so some starch may pass undigested into the 
large intestine. 
Effect of grain particle size for people with and without type 2 diabetes 
Recommending wholegrain foods made from intact and cracked grains and coarsely 
milled flour is of clinical significance for people with type 2 diabetes, which was confirmed by 
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the study presented in Chapter 4 which showed that consumption of wholegrain foods with 
larger compared with smaller grains resulted in statistically significant and substantial 
reductions in glycaemic response, compared to wholegrain foods made from finely milled 
grains. In contrast, the study presented in Chapter 3 showed that for people with normal 
glucose tolerance, the effect of grain particle size on glycaemia is smaller and only evident in 
some processing conditions. Age differences may have contributed to these findings, given that 
the normoglycaemic participants were much younger (mean age 26 y) than the participants 
with type 2 diabetes. Therefore, the findings from the trials among normoglycaemic people 
(presented in Chapter 3) may underestimate the expected effect of grain particle size on the 
glycaemic response for older adults or people who are more glucose intolerant.  
The study described in Chapter 7 was designed to recruit a more metabolically diverse 
group of participants in which to test the glycaemic and insulinaemic responses to three 
wholegrain breads varying in flour particle size. Some of these participants had features of 
glucose intolerance and some appeared to have normoglycaemia, despite all having risk factors 
for type 2 diabetes (BMI ≥28 kg/m2, age 55 – 75 y, not meeting the physical activity guidelines 
(128-130)). The effect of flour particle size in bread on postprandial glycaemia and insulinaemia 
was small and not statistically significant in the group as a whole. Given that it was not possible 
to definitively identify people with prediabetes from the group as a whole, a conclusion about 
the effect of grain particle size among people with prediabetes could not be made. However, the 
exploratory sensitivity analysis suggested that the effect of flour particle size on glycaemic 
response was larger among those with features of glucose intolerance, highlighting the 
importance of conducting further research among people with prediabetes or impaired glucose 
tolerance.  
Effect of grain particle size under various food processing conditions 
Whether or not food processing conditions moderate the effect of grain particle size may 
be dependent on the degree of glucose intolerance. Among people with type 2 diabetes, there 
was a substantial and statistically significant effect of grain particle size on the glycaemic 
response for each of the food processing conditions tested. In contrast, in the cracker trial the 
grain particle size affected postprandial glycaemia among normoglycaemic people, but this 
effect was not found in the bread trial. For those with normoglycaemia, the effect of grain 
particle size on glycaemic response was larger in the gelatinised wheat porridge condition than 
for the ungelatinised wheat porridges. For people with normoglycaemia, the effect of starch 
gelatinisation on glycaemic response was larger than the effect of grain particle size, while 
among those with type 2 diabetes grain particle size and starch gelatinisation had similar effects 
of glycaemic response.  
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How should wholegrain carbohydrate foods be formulated to reduce the glycaemic response? 
This research suggest that it is important to minimise the proportion of finely milled 
flour (particles smaller than approximatley 150 – 180 µm) in wholegrain foods in order to 
minimise the postprandial glycaemic response. Consumption of bread made with coarsely 
milled flour (with a small proportion of fine particles and no very large particles) resulted in a 
lower postprandial glycaemic response than bread made with finely milled flour among people 
with type 2 diabetes. Unexpectedly, bread made with kibbled wheat did not reduce the 
glycaemic response, compared to bread made with predominantly fine grain particles. This 
could be due to this bread having high proportions of both large particles and fine particles. 
While a high proportion of fine flour particles appears to increase the glycaemic response to a 
wholegrain food, the proportion of ultra-fine particles (<90 µm) did not affect postprandial 
glycaemic response among inactive older people with obesity. Both the findings from this thesis 
and previous studies suggest that the proportion of fine flour (150 – 180 µm) should be 
minimised and substituted with coarsely milled flour and cracked and intact grains.  
Does wholegrain particle size affect palatability and postprandial appetite?  
Grain particle size did not influence the postprandial sensations of appetite in the 
expected direction among people with normoglycaemia. For the wheat porridges, it was 
surprising that there was a trend toward lower postprandial appetite after the wheat flour 
porridge than the kibbled wheat porridge and after the gelatinised porridge compared to the 
ungelatinised porridge. This was different from most of the findings from prior studies which 
suggested that larger grains may suppress postprandial sensations of appetite, though the 
quality of this body of research is limited. It is likely that the postprandial period over which 
appetite was assessed was too short (<2 h) to identify meaningful changes in sensations of 
appetite, and for the breads and crackers trials the participant numbers were lower than 
recommended (103).  
It is possible that people with type 2 diabetes may experience unusual or inconsistent 
sensations of appetite. The appetite data collected from this group in this research could not be 
included in the appetite analysis because of the high incidence of poorly correlated responses to 
the appetite questionnaire that was administered during the glycaemic response tests. 
However, it is not possible to determine the reason for this – it is also possible that the 
questions were misunderstood or misread by this group.  
Palatability of the wholegrain foods including intact and kibbled wheat or coarsely 
milled flour was similar to or more palatable than the more extensively milled wholegrain 
foods, for most food processing conditions. Older participants rated the palatability of the test 
meals quite differently to the younger participants. These findings suggest that wholegrain 
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foods with larger grain particles may be well-received by consumers, but preferences may vary 
according to factors such as age.  
8.2 SHOULD DIETARY GUIDELINES BE AMENDED TO INCLUDE 
RECOMMENDATIONS ON GRAIN PARTICLE SIZE?   
8.2.1 Current recommendations on carbohydrate quality  
General dietary recommendations for New Zealand adults stress the importance of 
choosing whole grain foods and foods naturally high in fibre in favour of refined grain foods 
(135). Recommendations made specifically for the prevention and treatment of type 2 diabetes 
stipulate that ‘wholegrain cereals’ be incorporated into the diet, with an emphasis on foods with 
high dietary fibre and with low glycaemic index (90). There is no doubt that wholegrain foods 
are beneficial for the prevention of non-communicable disease (1), and regardless of the food 
processing conditions, wholegrain foods retain health-promoting qualities such as those 
conferred by the content of dietary fibre. In fact, the majority of commercially available 
wholegrain foods are made from re-constituted wholegrains (where bran and germ and 
endosperm are separated during milling and later recombined) (3).  
The requirements for a food to be considered ‘wholegrain’ are imprecisely defined in 
New Zealand and elsewhere. The only requirement for foods sold as wholegrain or wholemeal is 
that they “must consist of, or have as an ingredient, wholemeal or wholegrain as appropriate” 
(38). Furthermore, the terms ‘wholegrain’ and ‘wholemeal’ to describe food products may be 
used interchangeably at the manufacturer’s discretion (33). Health claims relating to 
wholegrains are not approved in New Zealand, since only a specified range of health claims are 
allowed on food labels. (136). However, a nutrition content claim is allowed, which may state 
only that the food contains wholegrains (137). Given that the structure of wholegrain influences 
the health-promoting qualities of the food, it is important to consider more detailed 
requirements for identifying ‘wholegrain’ and ‘wholemeal’ foods. Manufacturers may be 
incentivised to change product formulations if health claims were to be permitted for certain 
wholegrain foods containing cracked or intact grains or coarsely milled flour.  
8.2.2 Importance of dietary recommendations 
Recommending wholegrain foods which include intact and cracked grains and coarsely 
milled flour is of important clinical significance for people with type 2 diabetes. The proportion 
of New Zealanders with type 2 diabetes is approximately 7% (89), but arguably of even greater 
concern is the is the rise in prevalence of type 2 diabetes, with the largest relative increases 
among younger adults (aged 25 – 44 y) (138). Over a quarter of New Zealanders have 
prediabetes, and among people over 65 years old the prevalence of prediabetes is about 45% 
   
 
   
 
164 
(89). In the context of the high (and increasing) proportion of people with poor metabolic 
health, it is important to extend dietary recommendations to choose more intact wholegrain 
foods to people both with and without type 2 diabetes.  
Understanding the determinants of glycaemic response to different carbohydrate-
containing foods enables dietary recommendations to permit a wide range of carbohydrate 
intakes without the need for carbohydrate restriction. Low-carbohydrate diets have gained 
attention in recent years as a means of reducing excessive postprandial glycaemia (139), but 
reported short-term improvements in HbA1c compared with those achieved on diets with 
higher carbohydrate intake are no longer evident by 1 – 2 years (140). Furthermore, 
carbohydrate-restricted diets are associated with reduced intake of fruit, cereals, and high-fibre 
bread (141), which is concerning because attempts to reduce glycaemia should not come at the 
expense reduced consumption of high-fibre and wholegrain foods, which are known to be 
protective against developing non-communicable disease (1). The findings from this thesis 
demonstrate that a recommendation to consume carbohydrates containing cracked and intact 
grains and coarsely milled flour, rather than extensively milled wholegrains, can result in 
postprandial glycaemic control without excluding an important food group from the diet.  
8.2.3 Practical considerations relating to dietary 
recommendations 
An advantage of promoting relatively intact wholegrain carbohydrates is the low price 
of carbohydrate foods relative to other nutrients (142, 143). Price is an important consideration 
for dietary approaches to prevent and manage type 2 diabetes, since type 2 diabetes most 
prevalent among people living in areas of high deprivation (129). Furthermore, Māori and 
Pacific are at higher risk for developing type 2 diabetes (7% and 10%, respectively, compared to 
the national average (5%)) (129). Health promotion policies must consider the applicability of 
nutrition interventions and recommendations for Māori, in efforts to eliminate the health 
inequities between Māori and non-Māori. Priority should be given to promoting affordable 
dietary solutions for the treatment and prevention of type 2 diabetes, and a focus on improving 
existing wholegrain carbohydrate foods is likely to be more cost-effective than promoting low-
carbohydrate diets, simply due to the price difference between the recommended core foods.  
The preliminary assessments of palatability in this thesis suggest that a 
recommendation to choose foods that include more intact grains could be well-received, since 
preferences are an important factor in determining wholegrain or refined grain choice (144). 
However, food preferences may also be influenced by social and cultural determinants, which 
may explain the difference in palatability ratings between older and younger participants. In the 
future, assessment of palatability of more intact wholegrain foods should be conducted among 
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groups more representative of New Zealand’s population and among groups who represent 
people with the highest risk factors for developing type 2 diabetes.  
Of all the wholegrain products tested in this thesis, the breads were most representative 
of commercially available wholegrain products. Breads are a commonly consumed food in New 
Zealand, constituting 11% of total energy intake and 17% of total carbohydrate intake (54). 
Furthermore, over 60% of males and 66% of females choose wholegrain bread most often (54).  
It is positive that the most intact bread was both well-liked and effective in reducing 
postprandial glycaemia among people with type 2 diabetes. Promoting more structurally intact 
breads that reduce the postprandial glycaemic response is realistic both for price concerns and 
the potential to improve the quality of the diets of a large number of people.  
The findings concerning bread in particular could be immediately implemented by 
bakers and the food industry, but to achieve widespread uptake of consumption of foods 
comprising intact and cracked grains and coarsely milled flour, changes to the definition and 
labelling of wholegrain foods should be considered. This will require discussion with statutory 
organisations such as Food Standards Australia New Zealand. Discussions could also include the 
consideration of adding appropriate wholegrains to the list of foods that are allowed a health 
claim for reduction of postprandial glycaemia. These changes may encourage manufacturers to 
reformulate existing products and provide new products to suit the updated dietary 
recommendations (34).  
It is easy to identify foods that contain visible kibbled and intact grains, but not the 
difference between coarse and fine flours. Stoneground flours are a source of coarsely milled 
flour, since the size of the flour particles can be altered depending on how closely set the 
millstones are.  However, among the commercially available stoneground flours, some have 
particle size distributions resembling that of roller-milled flour (Appendix A9). Even 
stoneground flour from a single supplier may vary in particle size from one batch to the next 
(TABLE 3.5, TABLE 7.2). Another barrier to stoneground flour consumption is price. Since stone-
mills are uncommon (53), the price of stoneground flour is higher than roller-milled flour 
(Appendix A13). It may be of interest to investigate whether roller-milling may be used to 
produce coarse flour, since particles at the earlier stages of roller-milling are coarser than 
particles at the final stage (10). Nevertheless, the flour particle size of course stoneground flours 
should be regulated and labelled so that consumers can identify coarsely milled flours.  
8.3 WHAT FUTURE RESEARCH IS NEEDED? 
The exploratory sensitivity analysis in Chapter 7 suggested that people with features of 
glucose intolerance may respond differently to differences in grain particle size than people 
without features of glucose intolerance. Prior research, as well as the research described in 
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Chapters 3 and 4 of this thesis, suggests that the effect of grain particle size on glycaemia is 
larger among those with type 2 diabetes than for young normoglycaemic adults. Further 
research is needed to establish the extent to which grain particle size affects glycaemic response 
among those with prediabetes or impaired glucose tolerance, but without type 2 diabetes. To 
understand the effect of wholegrain particle size on HbA1c (glycated haemoglobin), a 
randomised study should test the effect of consuming structurally intact wholegrains compared 
with finely milled wholegrains over a period sufficient to observe the effect of change on HbA1c.  
Future studies among normoglycaemic individuals should include participants more 
representative of the general population. Recruitment efforts should vary to capture a wider age 
range (i.e., advertising in newspapers and among community clubs, general practices, Hauora 
medical centres) rather than online only or predominantly through universities). Participants 
should be representative of various socio-economic groups and include a substantial proportion 
of the ethnicities that inherently have higher risks of developing type 2 diabetes (Māori, Pacific, 
Asian).  
The effect of wholegrain particle size on glycaemia is more meaningful than the effect of 
wholegrain particle size on postprandial appetite, especially since any differences in appetite 
according to grain particle size are small and inconsistent. However, any further research 
related to grain particle size and appetite could explore the satiating capacity (triggering the 
end of a meal) and portion size selection of more intact wholegrain foods, compared to those 
made with finely milled flour, as there is only limited research on this topic. In addition, longer-
term acceptability of wholegrain foods varying in grain particle size could be assessed in future 
research.  
8.4 CONCLUSION 
Dietary recommendations for the management of type 2 diabetes could be updated to 
recommend consumption of wholegrain foods made with more intact grains or with coarse 
rather than fine flour. Findings from this thesis, considered together with other comparable 
studies, consistently demonstrate that wholegrain foods comprised of cracked and intact grains 
and coarsely milled flour are beneficial to either or both of the glycaemic and insulinaemic 
response, compared to more finely milled wholegrains (16, 19-21, 23). However, the effect of 
wholegrain particle size on HbA1c should be established in a longer-term trial before 
considering the extent to which findings from this thesis could influence dietary 
recommendations. Future dietary recommendations to consume wholegrains should also 
provide guidance on the type or nature of wholegrain foods that should be chosen. They should 
provide a definition for ‘wholegrain foods’ and ‘wholemeal foods’ to clearly distinguish between 
foods for which the grains are predominantly intact, and foods for which the grains are 
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predominantly comprised of finely milled grains. This will help consumers to identify the 
wholegrain foods recommended to them.  
Dietary recommendations regarding consumption of wholegrains containing whole and 
cracked grains and coarsely milled flour should be also applied generally to people without type 
2 diabetes. Only some trials among normoglycaemic participants found that more intact 
wholegrain foods reduce the glycaemic response compared to finely milled wholegrains, but 
many of these – including the previous trials reviewed in Chapter 2 of this thesis – were 
conducted among young adults, most of whom were not obese, physically active, and with good 
metabolic health. Such participant groups do not accurately reflect the general New Zealand 
population, where over a quarter of all adults have prediabetes (89) and an increasing 
proportion of people are physically inactive and obese (129, 145).  Given the high prevalence of 
prediabetes and the increasing prevalence of type 2 diabetes, recommendations to consume 
wholegrain foods containing intact and cracked grains or coarsely milled flour should be 
generally applied to people both with and without type 2 diabetes.  
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Appendix A1: Data imputation time-to-eat (Chapter 3) 
 
TIME TAKEN TO EAT (MINUTES) FOR EACH WHOLEGRAIN PRODUCT IN TRIAL 1 AMONG PEOPLE WITH NORMAL GLUCOSE TOLERANCE 








1 6.3 10.2 9.5 12 
2 10.2 11.6 9 9.8 
4 9 7.1 9 11.1 
5 10.8 10.3 10.5 13.8 
6 4.2 7.7 10.5 13.8 
7 9.5 9 8.8 9.5 
9 9.8 9.6 9.8 10.5 
10 8.1 9.9 10.4 10.5 
11 11.6 12 11.3 10.2 
12 6.6 9.8 9.5 10.3 
13 9.8 28 Missing 12.4 
14 8.8 10.2 10.1 12.3 
15 10 17.1 9.8 11.2 
16 12.5 8.9 9 7.5 
17 5 8.4 4.4 5.4 
18 13.5 10.6 16.2 19.4 
19 10.8 21.7 6.7 18 
20 11.9 9.8 10.1 9.1 
41 9.1 8.7 9.2 10 
42 8 9 9 7.3 
Median  9.65 9.85 9.5 10.5 
 
The median time-to-eat for gelatinised wheat flour porridge was 98% of the median of the ungelatinised 
wheat flour porridge. Therefore, the missing value is imputed as (9.8  0.98) = 9.6 min.  
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(Appendix A1, cont.) 
 
TIME TAKEN TO EAT (MINUTES) FOR EACH WHOLEGRAIN PRODUCT IN TRIAL 2 AMONG PEOPLE WITH NORMAL GLUCOSE TOLERANCE 
Participant ID Roller-milled flour 
bread 
Stoneground bread 50% kibbled wheat 
bread 
30% kibbled 30% 
intact wheat bread 
2 8.8 12 9.3 8.9 
5 24.7 16.2 22.3 24.4 
7 9.3 10 10 9.5 
9 15.3 15 14 12.3 
10 4.7 11.6 9 6.9 
11 16.4 9.9 19.7 13.8 
12 6.9 10 9.9 8.5 
13 10.1 24.7 10 10.5 
14 9.1 9.1 10 10.8 
15 11.5 15.7 17 18 
17 9.9 11 10 8.1 
18 21.7 19.7 Missing 29.4 
19 7.2 21.3 25.6 23 
20 9.7 9.8 15 8.8 
41 13 18 30.1 14.3 
42 Missing 10 9 8.8 
43 8 9 9 9.3 
Median 9.8 11.6 10 10.5 
 
The median time to eat for 50% kibbled wheat was 102% of the median time to eat for roller-milled flour 
bread, and these two appeared to be the most closely matched. Therefore, the missing value for ID 18 is 
imputed as (21.7  1.02) = 22.1 min, and the missing value for ID 42 is imputed (0.98  9) = 8.8 min.  
 
TIME TAKEN TO EAT (MINUTES) FOR EACH WHOLEGRAIN PRODUCT IN TRIAL 3 AMONG PEOPLE WITH NORMAL GLUCOSE TOLERANCE 
Participant ID Roller-milled flour cracker 30% kibbled 30% intact wheat 
cracker 
2 9.1 9.9 
7 8.5 9.5 
11 15.2 14 
12 8.5 10 
13 10.5 20.3 
15 15.6 15 
17 11.5 13.9 
18 14.3 16.2 
19 22.1 21.8 
20 11.8 12 
41 13 11.4 
42 10 10 
44 9.5 Missing 
45 9.9 17.4 
46 12 14.4 
Median 11.5 14.0 
 
The median time to eat for the more intact cracker was 22% greater than the time taken to eat for the flour 
cracker. Therefore, the imputed time for the missing time-to-eat response for P44 was (9.5  1.22) = 11.6 min.  
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Appendix A2: Sensitivity analysis for Chapter 3 – results without adjustment for time taken to 
eat 
 
STANDARDISED MEAN IAUC VALUES (MEAN, SD) FOR EACH TEST FOOD PREPARED UNDER DIFFERENT PROCESSING CONDITIONS AND 











Wheat Porridges  
Particle Size Flour Kibbled   
All -0.93 (0.93) -1.15 (0.66) 0.22 (0.02, 0.42) p=0.027 
 Gelatinised -0.41 (1.06) -0.78 (0.70) 0.37 (-0.02. 0.76) p=0.066 
 Ungelatinised -1.45 (0.28) -1.53 (0.34) 0.07 (-0.10, 0.25) p=0.402 
      
Gelatinisation Gelatinised Ungelatinised   
All -0.59 (0.90) -1.49 (0.31) 0.90 (0.59, 1.20) p=0.001 
 Flour -0.41 (1.06) -1.45 (0.28) 1.04 (0.59, 1.50) p<0.001 
 Kibbled -0.78 (0.70) -1.53 (0.34) 0.75 (0.45, 1.05) p<0.001 
Breadsb  
 100% roller-milled flour -0.77 (1.10) Reference  
 100% stoneground flour -0.94 (1.00) -0.17 (-0.50, 0.15) 0.298 
 50% kibbled wheat -0.74 (0.82) 0.03 (-0.30, 0.35) 0.874 
 
30% kibbled wheat, 30% 
intact wheat 
-0.91 (1.39) -0.14 (-0.57, 0.28) 0.507 
Crackersc  
 100% roller-milled flour -1.64d (1.37) Reference 
p=0.024 
 
30% kibbled wheat, 30% 
intact wheat 
-2.49d (1.72) 0.85 (0.11, 1.59) 
a Standardised mean iAUC represents the number of standard deviations from the mean glucose drink iAUC  
b Results were generated using a mixed effects regression model for standardised iAUC values, adjusted for 
randomisation order  
c Results were generated using a mixed effects regression model for standardised log-transformed iAUC values, 
adjusted for randomisation order  
d The standardised mean iAUC was calculated from log-transformed iAUC’s for the test food log-transformed 
mean and standard deviation for the glucose control.  
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Appendix A3: Data imputation for time-to-eat (Chapter 4) 
 
TIME TAKEN TO EAT (MINUTES)  FOR EACH WHOLEGRAIN PRODUCT IN TRIAL 1 AMONG PEOPLE WITH TYPE 2 DIABETES 










22 4.4 20.5 14.8 17.3 
23 5.9 10 10 Missing 
25 12 12 8.5 Missing 
27 4.2 9.8 8.2 9.8 
29 4.5 8.8 9.2 13.1 
30 5.7 9.8 7.2 13 
31 10.3 9.9 8.8 10 
32 4.6 6 4.8 10 
33 2.5 4 3.6 6.4 
34 8 9.5 10.3 10.3 
35 4.8 10 8.9 10.7 
36 5.5 10.2 10.3 9.4 
37 6 7.3 7.7 8 
38 9.4 23.8 24.5 26.8 
39 5.7 10.8 9 9.5 
40 5 11.7 9.1 8 
61 6.2 8.8 8 10 
62 7.6 11.7 10.9 9.6 
Median 5.7 10.0 8.95 10.0 
The medians for the ungelatinised and gelatinised kibbled wheat porridges were the same. Therefore, for 
participants 23 and 25 the missing time to eat for the gelatinised kibbled wheat porridges will be the same as 
the values for the ungelatinised kibbled wheat porridges for participants 23 and 25.  
 
TIME TAKEN TO EAT (MINUTES)  FOR EACH WHOLEGRAIN PRODUCT IN TRIAL 3 AMONG PEOPLE WITH TYPE 2 DIABETES 
Participant ID 100% roller-milled flour cracker 30% kibbled 30% intact wheat cracker 
21 14 15.2 
22 26 24.1 
23 14.8 22.7 
27 13.6 13.6 
29 10.7 Missing 
30 14.5 14.4 
31 10.2 11.2 
32 15.5 15 
33 13.3 12.3 
34 7.7 Missing 
35 24.4 27.1 
38 34 28.5 
40 23.4 26.3 
61 13.4 13.5 
64 15.1 19.8 
Median 14.5 15.2 
The median time to eat for the 30% kibbled + 30% intact wheat cracker was 105% of the median time to eat 
for the 100% flour cracker. Therefore, the missing value for ID 29 is imputed as 10.7  1.05 = 11.2 min, and the 
missing value for ID 34 is imputed as 7.7  1.05 = 8.1 min.  
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Appendix A4: Sensitivity analysis for Chapter 4 - results without adjustment for time taken to 
eat and whether or not the participant was taking insulin 
 
BLOOD GLUCOSE STANDARDISED MEAN IAUC (SM-IAUC) (MEAN, SD) FOR WHEAT PORRIDGES PREPARED UNDER DIFFERENT 











Wheat Porridges  
Particle Size Flour Kibbled   
All -1.17 (1.00) -1.79 (0.76) 0.62 (0.39, 0.86) p<0.001 
 Gelatinised -0.70 (1.11) -1.30 (0.75) 0.61 (0.14, 1.08) p=0.011 
 Ungelatinised -1.64 (0.58) -2.28 (0.31) 0.66 (0.37, 0.95) p<0.001 
Gelatinisation Gelatinised Ungelatinised   
All -1.00 (0.98) -1.96 (0.57) 0.96 (0.69, 1.24) p<0.001 
 Flour -0.70 (1.11) -1.64 (0.58) 0.96 (0.47, 1.44) p<0.001 
 Kibbled -1.30 (0.75) -2.28 (0.31) 1.01 (0.68, 1.34) p<0.001 
a Results are not adjusted for time-to-eat or whether or not the participant was taking insulin 
 
BLOOD GLUCOSE STANDARDISED MEAN IAUC (SM-IAUC) (MEAN, SD) FOR WHEAT PORRIDGES PREPARED UNDER DIFFERENT 











Wheat Porridges  
Particle Size Flour Kibbled   
All -1.17 (1.00) -1.79 (0.76) 0.62 (0.39, 0.86) p<0.001 
 Gelatinised -0.70 (1.11) -1.30 (0.75) 0.60 (0.14, 1.06) p=0.011 
 Ungelatinised -1.64 (0.58) -2.28 (0.31) 0.65 (0.36, 0.93) p<0.001 
Gelatinisation Gelatinised Ungelatinised   
All -1.00 (0.98) -1.96 (0.57) 0.96 (0.69, 1.24) p<0.001 
 Flour -0.70 (1.11) -1.64 (0.58) 0.94 (0.46, 1.42) p<0.001 
 Kibbled -1.30 (0.75) -2.28 (0.31) 0.99 (0.67, 1.31) p<0.001 
a Results are not adjusted for time-to-eat but are adjusted for whether or not the participant was taking 
insulin.  
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(Appendix A4, cont.) 
BLOOD GLUCOSE STANDARDISED MEAN IAUC (SM-IAUC) (MEAN, SD) FOR BREADS OF DIFFERENT MEAN PARTICLE SIZE AMONG 





Difference in SM-iAUC (95% CI) 





















30% kibble,  
30% intact 
wheat 
-1.37 (0.88) p=0.001 p=0.030 p=0.007 
30% kibbled,  
30% intact 
wheat 
a Results are not adjusted for time-to-eat or whether or not the participant was taking insulin 
 
BLOOD GLUCOSE STANDARDISED MEAN IAUC (SM-IAUC) (MEAN, SD) FOR BREADS OF DIFFERENT MEAN PARTICLE SIZE AMONG 





Difference in SM-iAUC (95% CI) 





















30% kibble,  
30% intact 
wheat 
-1.37 (0.88) p=0.001 p=0.030 p=0.007 
30% kibbled,  
30% intact 
wheat 
a Results are not adjusted for time-to-eat but are adjusted for whether or not the participant was taking 
insulin.  
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(Appendix A4, cont.) 
 
BLOOD GLUCOSE STANDARDISED MEAN IAUC (SM-IAUC) (MEAN, SD) FOR CRACKERS OF DIFFERENT MEAN PARTICLE SIZE AMONG 
PARTICIPANTS WITH TYPE 2 DIABETES (N=15) 
Cracker SM-iAUC (SD) 
Mean difference SM-iAUC,  
95% CI 
p-value 




30% kibbled wheat, 30% 
intact wheat 
-1.19 (0.83) 
a Results are not adjusted for time-to-eat or whether or not the participant was taking insulin 
 
 
BLOOD GLUCOSE STANDARDISED MEAN IAUC (SM-IAUC) (MEAN, SD) FOR CRACKERS OF DIFFERENT MEAN PARTICLE SIZE AMONG 
PARTICIPANTS WITH TYPE 2 DIABETES (N=15) 
Cracker SM-iAUC (SD) 
Mean difference SM-iAUC,  
95% CI 
p-value 




30% kibbled wheat, 30% 
intact wheat 
-1.19 (0.83) 
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Appendix A5: GlucoTrol®-NG (Eurotrol B.V.) controls for the HemoCue Glucose 201+ analysers 
(Ängelholm, Sweden) (Chapters 3 and 4) 
 
GLUCOTROL®-NG CONTROLS FOR EACH OF THE HEMOCUE GLUCOSE 201+ ANALYZERS USED IN THE STUDIES DESCRIBED IN CHAPTERS 
3 AND 4 
Date GlucoTrol®-
NG controls 









21/06/17 Level 1 2.2 ± 0.8 mmol/L 2.1 2.5 2.2 
Level 2 5.7 ± 0.9 mmol/L 6.0 5.8 5.9 
Level 3 9.6 ± 1.2 mmol/L 9.6 9.5 9.9 
22/11/17 Level 1 2.2 ± 0.8 mmol/L 2.3 2.5 2.4 
Level 2 5.7 ± 0.9 mmol/L 5.8 5.8 5.8 
Level 3 9.6 ± 1.2 mmol/L 9.2 9.4 9.5 
09/01/18 Level 1 2.0 (1.7 – 3.3)a 2.9 2.8 3.2 
Level 2 6.2 (5.3 – 7.1)a 6.2 6.1 6.4 
Level 3 10 (8.8 – 11.2)a 10 9.9 9.9 
28/03/18 Level 1 2.0 (1.7 – 3.3) 2.9 2.8 2.9 
Level 2 6.2 (5.3 – 7.1) 6 6.2 6.1 
Level 3 10 (8.8 – 11.2) 9.8 9.9 9.9 
26/04/18 Level 1 2.0 (1.7 – 3.3) 2.8 2.9 2.9 
Level 2 6.2 (5.3 – 7.1)  6.0  6.2 6.1 
Level 3 10 (8.8 – 11.2) 9.7 9.9 9.9 
a The target ranges differ according to the lot number of the GlucoTrol®-NG controls 
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Appendix A6: Participant medication use for the management of type 2 diabetes 
 
NUMBER OR PARTICIPANTS TAKING COMBINATIONS OF MEDICATIONS FOR MANAGEMENT OF TYPE 2 DIABETES IN TRIALS 1, 2, AND 3.  
Medications taken for type 2 
diabetes 
Trial 1  
(Wheat porridges) 
Trial 2  
(Breads) 
Trial 3  
(Crackers) 
Metformin only n=6 n=5 n=5 
Gliclazide only none none none 
Insulin only n=1 n=1 n=1 
Metformin + Gliclazide n=4 n=4 n=5 
Insulin + Metformin n=3 n=4 n=3 
Insulin+ Gliclazide none none none 
Metformin + Gliclazide + Insulin n=3 n=1 n=1 
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Appendix A7: Details of missing responses to appetite questionnaires (Chapter 6) 
 
 
TEST FOODS FOR WHICH APPETITE AUC COULD NOT BE CALCULATED, DUE TO EXCESS MISSING RESPONSES 
ID Test food Time of missing responses 
Trial 1: wheat porridges 
6 Ungelatinised kibbled wheat porridge 15 
9 Ungelatinised wheat flour porridge 120 
14 Ungelatinised kibbled wheat porridge 15, 30 
15 Gelatinised wheat flour porridge 120 
Trial 2: Breads 
2 30% kibbled wheat, 30% intact wheat bread 120 
5 30% kibbled wheat, 30% intact wheat bread 15, 30, 45, 60 
13 30% kibbled wheat, 30% intact wheat bread 120 
19 50% kibbled wheat bread 120 
Trial 3: Crackers 
5 100% wholegrain flour cracker 15 
7 30% kibbled wheat, 30% intact wheat cracker 15 
13 100% wholegrain flour cracker 15, 30, 45, 60, 90, 120 
15 100% wholegrain flour cracker 15 
17 30% kibbled wheat, 30% intact wheat cracker 15 
19 30% kibbled wheat, 30% intact wheat cracker 120 
20 100% wholegrain flour cracker 15 
Where an appetite questionnaire was not filled out at either or both of time=15 or time=120, the AUC could 
not be calculated. In these cases, the participant in question was removed from the trial, since the study 
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Appendix A8: Sensitivity analysis for Chapter 6 – results without inclusion of responses to the 
question ‘How satisfied do you feel?’ 
 
APPETITE SCORE AUC (MEANS, SD) TO FOUR WHEAT PORRIDGES, DIFFERING IN STARCH GELATINISATION AND PARTICLE SIZE, AMONG 
NORMAL GLUCOSE TOLERANT PARTICIPANTS (N=16), WHERE THE APPETITE SCORE IS THE MEAN OF RESPONSES TO QUESTIONS 
ASSESSING HUNGER, FULLNESS, AND DESIRE TO EAT 
Wheat porridges Mean (SD) Appetite 
Score AUCa 
(mm•min) 
Mean (SD) Appetite 
Score AUCa  
(mm•min) 
Mean Difference 
(95% CI)  
p-value 
Particle Size Kibbled Flour   
All 4077 (2272) 3674 (2359) 403 (-189, 995) 0.182 
 Ungelatinised 4286 (2497) 3828 (2291) 456 (-419, 1336) 0.305 
 Gelatinised 3868 (2084) 3520 (2490) 348 (-442, 1137) 0.388 
Gelatinisation Ungelatinised Gelatinised   
All 4057 (2369) 3694 (2266) 363 (-175, 901) 0.186 
 Kibbled 4286 (2497) 3868 (2084) 418 (593, 1430) 0.417 
 Flour 3828 (2291) 3520 (2490) 307 (-193, 808) 0.228 
For these results, the question ‘How satisfied do you feel?’ is not included in calculation of the appetite score.  
 
APPETITE SCORE AUC (MEAN, SD) TO FOUR WHOLEGRAIN BREADS, DIFFERING IN GRAIN PARTICLE SIZE, AMONG NORMAL GLUCOSE 
TOLERANT PARTICIPANTS (N=13), WHERE THE APPETITE SCORE IS THE MEAN OF RESPONSES TO QUESTIONS ASSESSING HUNGER, 
FULLNESS, AND DESIRE TO EAT 
Mean, (SD) Appetite Score 
AUC (mm•min)a 

























30% kibble, 30% intact 
3038 (2136) 
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(Appendix A8, Cont.) 
 
APPETITE RESPONSES (MEAN, SD) TO TWO WHOLEGRAIN CRACKERS, DIFFERING IN GRAIN PARTICLE SIZE, AMONG NORMAL GLUCOSE 
TOLERANT PARTICIPANTS (N=8), WHERE THE APPETITE SCORE IS THE MEAN OF RESPONSES TO QUESTIONS ASSESSING HUNGER, 
FULLNESS, AND DESIRE TO EAT 
Cracker 
Mean (SD) Appetite Score 
AUCa (mm•min) 
Mean difference (95% CI) p-value 
Roller-milled flour cracker 4295 (1866) 
327 (-800, 1454) 0.569 
30% intact, 30% kibbled 
wheat cracker 
3967 (1336) 
For these results, the question ‘How satisfied do you feel?’ is not included in calculation of the appetite score 
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Appendix A9 
 
FLOUR PARTICLE SIZE DISTRIBUTION OF WHOLEGRAIN ROLLER-MILLED FLOUR AND FOUR WHOLEGRAIN STONEGROUND FLOURS 










Flour Db, c 
% >1.4 mm 0.8 0.2 0.2 0 0.9 
% 1 – 1.4 mm  2 3.6 
1.9a 
0.8 9.4 
% 710 m – 999 
m 3.5 
13 6.8 17.7 
% 500 – 709 m  5.5 19 5.2 15.8 15.6 
% 355 – 499 m  3.7 16.7 4.3 17.4 10.1 
% 250 – 354 m 1 13.8 3.7 15.8 7.8 
% 180 – 249 m 1.1 8.7 7.4 9.3 5.2 
% 125 – 179 m 9.6 6.8 19.8 8.2 5 
% 90 – 124 m 22 4.5 28 6 4.7 
% 63 – 89 m  21.8 4.7 11.4 5.6 6 
% <63 m 25.9 7.6 13.8 11.9 15.4 
% Lostd 2.9 1.4 4.4 2.5 1.9 
% over 710 m 6.45 16.7 2.2 31.7 28.1 
% below 180 
m 
79.3 
23.7 73 23.4 31.1 
a The 1 mm sieve was not included in the sieve stack for this flour; so the category is 710 – 1399 m.  
b Not tested in this thesis  
c This flour was not commercially available  
d The sieve stack was not airtight and it is likely that the ‘lost’ portion was comprised of fine particles.  
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(Appendix A9, Cont.) 
 
FLOUR PARTICLE SIZE DISTRIBUTION OF REFINED ROLLER-MILLED FLOUR AND TWO REFINED STONEGROUND FLOURS 







% >1.4 mm 0 0 0 
% 1 – 1.4 mm  0 0 0 
% 710 m – 999 m 0 0 0 
% 500 – 709 m  0 0 0 
% 355 – 499 m  0 0.1 0 
% 250 – 354 m 0 0.3 0.1 
% 180 – 249 m 0.3 0.5 0.3 
% 125 – 179 m 11.6 11.7 13.8 
% 90 – 124 m 32.2 21.5 28.9 
% 63 – 89 m  23.1 27.4 24.2 
% <63 m 28.5 35.4 29 
% Lost 4.2 3 3.7 
% over 710 m 0 0 0 
% below 125 m 83.8 84.3 82.0 
None of these flours were tested in this thesis. These flours were tested as an earlier version of the study 
protocol included breads made from refined wheat flour. The study design was changed because there are no 
differences in grain particle size between refined roller-milled flour and refined stoneground flours.  
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Appendix A10: Participant characteristics used to inform exploratory sensitivity analysis 
(Chapter 7) 
 
GLYCATED HAEMOGLOBIN (MMOL/MOL) AND FASTING BLOOD GLUCOSE (MMOL/L) OF PARTICIPANTS CONSIDERED TO BE 
‘NORMOGLYCAEMIC’ 
ID Hba1c (mmol/mol) Fasting blood glucose (mmol/L) 
4 39 4.7 
5 30 4.9 
6 36 5.2 
8 30 5 
10 37 5.4 
15 31 4.5 
16 31 4.5 
17 38 5 
19 34 5 
21 37 4.8 
22 missing 4.2 
25 29 4.8 
26 33 4.7 
27 32 5.1 
28 31 4.4 
 
 
GLYCATED HAEMOGLOBIN (MMOL/MOL) AND FASTING BLOOD GLUCOSE (MMOL/L) OF PARTICIPANTS CONSIDERED TO HAVE FEATURES 
OF GLUCOSE INTOLERANCE 
ID Hba1c (mmol/mol) Fasting blood glucose (mmol/L) 
1 39 6.8 
2 47 6.4 
3 43 5 
7 34a 5.7a 
11 40 4.9 
13 45 7.4 
14 44 5.8 
20 40 5.4 
a This participant is included among those considered to have features of glucose intolerance because their 
insulin iAUC to each test bread ranged from 25,985 – 32,040 µU×min/mL, which was above the 95th percentile. 
Median insulin iAUC for n=23 was 8050 µU×min/mL (25th – 75th percentiles 4738 – 14644).  
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Appendix A11: GlucoTrol®-NG (Eurotrol B.V.) controls for the HemoCue Glucose 201+ 
analysers, and the %CV for the Elecsys Insulin Kit.  
 
 
GLUCOTROL®-NG CONTROLS FOR EACH OF THE HEMOCUE GLUCOSE 201+ ANALYZERS USED IN THE STUDIES DESCRIBED IN CHAPTER 7 
GlucoTrol®-NG 
controls 
Target range HemoCue  Glucose 
201+ Analyser A 
HemoCue  Glucose 
201+ Analyser B 
HemoCue  Glucose 
201+ Analyser C 
Level 1 2.6 (1.8 – 3.4) mmol/L 2.6 2.6 2.7 
Level 2 6.0 (5.1 – 6.9) mmol/L 5.5 5.9 5.9 
Level 3 9.9 (8.7 – 11.1) mmol/L 9.7 9.6 9.8 
 
 
CONTROLS FOR THE ELECSYS INSULIN KIT AND %CV 
Date P MM1 
Target range ± 1SD: 22.0 (20.24 – 23.76) 
P MM2 
Target range ± 1SD: 78.0 (71.76 – 84.24)  
17/02/20 22.4 77.84 
18/02/20 21.56 76.61 
02/03/20 21.62 77.35 
03/03/20 21.84 74.85 
04/03/20 20.81 74.66 
04/03/20 21.04 74.21 
06/03/20 21.47 72.95 
07/03/20 20.92 74.49 
10/03/20 21.59 75.9 
10/03/20 22.47 77.92 
13/03/20 21.86 77.33 
13/03/20 21.81 75.76 
Mean  21.62 75.8 
SD 0.50 1.55 
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Appendix A12  
 
PERCEPTIONS OF VISUAL APPEAL, TASTE, TEXTURE, AND REPEATABILITY FOR EACH TEST FOOD ASSESSED VIA FOUR QUESTIONS ON A 
100 MM VAS SCALE, AND AN OVERALL PALATABILITY SCORE (MEAN OF RESPONSES TO THE FOUR QUESTIONS), AMONG PEOPLE WITH 
KNOWN RISK FACTORS FOR TYPE 2 DIABETES, WHERE A HIGHER NUMBER REPRESENTS HIGHER PALATABILITY. 
 Median (25th, 75th percentiles) response to each question (mm) 







































a Known risk factors were: older age (55 – 75 y), BMI >28 kg/m2, and physical inactivity  
b Assessed by the question “How visually appealing is the product?” 
c Assessed by the question “How does the product taste?” 
d Assessed by the question “How would you rate the texture?” 
e Assessed by the question “Would you eat this product again?” 
f Overall palatability score is the mean of the responses to the four individual questions  
 
MEAN DIFFERENCES IN OVERALL PALATABILITY SCORE BETWEEN BREADS MADE FROM  FINE ROLLER-MILLED FLOUR, FINE 







Mean differencec (95% CI) 
mm 
Fine roller-milled 
wholegrain flour bread 
70 (19) Fine roller-milled -1 (-10, 8) 4 (-4, 11) 
Fine stoneground flour 
bread 
71 (22) 0.844 Fine stoneground 5 (-5, 15) 
Coarse stoneground 
flour bread 
65 (24) 0.305 0.347 
Coarse 
stoneground 
a Known risk factors were: older age (55 – 75 y), BMI >28 kg/m2, and physical inactivity 
b Overall palatability score is the mean of the responses to the four individual questions. Cronbach’s alpha’s 
were calculated for the four palatability questions for each participant for each test food, resulting in values 
ranging from 0.86 (1st percentile) to 0.95 (99th percentile), with a mean of 0.92 (SD 0.05). These results 
represent unidimensionality with strong correlations between the four palatability questions, showing that it is 
appropriate to use a single palatability score to represent the responses to the four questions.   
c Differences in mean palatability score between test foods were calculated by using a mixed effects regression 
model with palatability score as the dependent variable, test food as the independent variable, and participant 
ID as a random effect. Randomisation order was included in the model. Robust variance structure was used. 
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Appendix A13 
 
PRICE PER KILOGRAM OF A RANGE OF WHOLEGRAIN STONEGROUND FLOURS AVAILABLE IN NEW ZEALANDA 
Brand (quantity in packet) Price per kilogram 
Brand A (1.5 kg bag) $5.58 
Brand A (5 kg bag) $4.80 
Brand A (10 kg bag) $3.86 
Brand A (25 kg bag) $3.56 
Brand B (800 g bag) $7.11 
Brand C (25 kg bag) $6.00 
Brand D (loose flour) $7.00 
Brand E (5 kg bag) $7.60 
Brand F (2 kg bag) $6.00 
Brand G (1 kg bag) $6.00 
Mean price (up to 5 kg packets) $6.30 
Mean price (packets of all sizes) $5.75 
a These prices were obtained by an online search for ‘stoneground flour New Zealand’ on 11 Dec 2020, and by 
searching online shopping web pages of common supermarkets 
 
 
PRICE PER KILOGRAM OF A RANGE OF WHOLEGRAIN FLOURS (MILLING NOT SPECIFIED)A AVAILABLE IN NEW ZEALAND B 
Brand (quantity in packet) Price per kilogram 
Brand H (1.5 kg bag) $2.67 
Brand I (1.5 kg bag) $1.33 
Brand J (1.5 kg bag) $2.88 
Brand K (1.5 kg bag) $1.30 
Mean price $2.05 
a Where milling method is not specified, the default milling method (roller-milling) can be assumed.  
b These prices were obtained by searching online shopping web pages of common supermarkets 
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR STUDIES 
DESCRIBED IN CHAPTERS 3 AND 4 
 
B1: Ethical approval 
 
B2: Nutrient analysis of wheat porridges, breads, and crackers  
  
B3: Recruitment flyer  
 
B4: Participant information sheet and consent form 
 
B5: Participant questionnaire 
 
B6: Data collection sheets 
 
B7: Appetite and palatability questionnaires 
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Appendix B1: Ethical Approval 
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Document    Version    Date    
CV for CI  1  01 March 2017  
Evidence of scientific review  1  01 March 2017  
Evidence of scientific review  1  01 March 2017  
Survey/questionnaire: Palatability and Satiety scales  1  01 March 2017  
PIS/CF  1  01 March 2017  
Protocol: Updated to reflect the additional clarity required by peer 
review.  
2  01 March 2017  
Survey/questionnaire: Cognition testing questionnaires  2  01 March 2017  
Covering Letter  1  01 March 2017  
Application       
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Appendix B2: Nutrient analysis 
 
Note: the protein conversion factor of 6.25 used by Gribbles was not appropriate for wholegrain wheat foods. 




Tests Requested: 4 x Food - Ash
4 x Food - Fibre (dietary)
4 x Food - Fat (total)











D Units Ref Interval
Protein       18.7       17.1       18.4       18.5 %
Ash        2.2        2.1        3.1        3.3 %
Fat (Total)        3.8        3.8        3.2        3.4 %




















Protein factor is 6.25




Ph: 03 489 4600
Fax: +6434898576
Case No: DU1718958
Report To: University of Otago Animal/Herd: ANALYTICAL TESTING
PO Box 56 Species: Food Testing Age: YEAR(S)
Breed: Unknown Sex:
DUNEDIN 9054
Submitted by: UNIVERSITY OF OTAGO Date Sent: 20/12/2017 8:22
Submitter ref: 10IC11379 Date Received: 20/12/2017 8:22
Owner: Nerida -Consumer Appl. Sciences Date Tested: 22/01/2018 16:53
Notification:
Phone: Fax Number:
Signed Matthew Mcdonald Signed Matthew Mcdonald
(Technician - Du) (Technician - Du)
Report Date: 22/01/2018 16:55 Final
Gribbles Veterinary Pathology make every effort to collect, analyse and report the results of tests accurately and promptly but accepts no responsibility for any factors 
which influence the results that are beyond our control.  This report should not be reproduced except in full.
Test methodology references are available on request.
(Note: Results apply only to samples received, on an as found basis.  Precision data will be supplied upon request.  H = High result, L = Low result.  Reference ranges are standard AHL 
reference ranges.)
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Tests Requested: 4 x Food - Ash
4 x Food - Fibre (dietary)
4 x Food - Fat (total)













TRIAL 5 Units Ref Interval
Protein       17.8       17.8       17.9       17.5 %
Ash        2.7        3.2        2.9        2.7 %
Fat (Total)        4.0        4.0        3.9        4.6 %




















Protein factor is 6.25




Ph: 03 489 4600
Fax: +6434898576
Case No: DU1719803
Report To: University of Otago Animal/Herd: ANALYTICAL TESTING
AWO, PO Box 56 Species: Food Testing Age: YEAR(S)
DUNEDIN 9054 Breed: Unknown Sex:
Submitted by: UNIVERSITY OF OTAGO Date Sent: 27/09/2017 8:23
Submitter ref: 10IC11291 Date Received: 27/09/2017 8:23
Owner: Nerida -Consumer Appl. Sciences Date Tested: 28/09/2017 16:54
Notification:
Phone: Fax Number:
Signed Matthew Mcdonald Signed Matthew Mcdonald
(Technician - Du) (Technician - Du)
Report Date: 10/10/2017 18:25 Final
Gribbles Veterinary Pathology make every effort to collect, analyse and report the results of tests accurately and promptly but accepts no responsibility for any factors 
which influence the results that are beyond our control.  This report should not be reproduced except in full.
Test methodology references are available on request.
(Note: Results apply only to samples received, on an as found basis.  Precision data will be supplied upon request.  H = High result, L = Low result.  Reference ranges are standard AHL 
reference ranges.)
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Tests Requested: 4 x Food - Ash
4 x Food - Fibre (dietary)
4 x Food - Fat (total)











D Units Ref Interval
Protein       18.7       17.1       18.4       18.5 %
Ash        2.2        2.1        3.1        3.3 %
Fat (Total)        3.8        3.8        3.2        3.4 %




















Protein factor is 6.25




Ph: 03 489 4600
Fax: +6434898576
Case No: DU1718958
Report To: University of Otago Animal/Herd: ANALYTICAL TESTING
PO Box 56 Species: Food Testing Age: YEAR(S)
Breed: Unknown Sex:
DUNEDIN 9054
Submitted by: UNIVERSITY OF OTAGO Date Sent: 20/12/2017 8:22
Submitter ref: 10IC11379 Date Received: 20/12/2017 8:22
Owner: Nerida -Consumer Appl. Sciences Date Tested: 22/01/2018 16:53
Notification:
Phone: Fax Number:
Signed Matthew Mcdonald Signed Matthew Mcdonald
(Technician - Du) (Technician - Du)
Report Date: 22/01/2018 16:55 Final
Gribbles Veterinary Pathology make every effort to collect, analyse and report the results of tests accurately and promptly but accepts no responsibility for any factors 
which influence the results that are beyond our control.  This report should not be reproduced except in full.
Test methodology references are available on request.
(Note: Results apply only to samples received, on an as found basis.  Precision data will be supplied upon request.  H = High result, L = Low result.  Reference ranges are standard AHL 
reference ranges.)
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Appendix B4: Participant information sheet and consent form 
 
   
!
Participant Information Sheet 
Study title: Fibre structure of whole grains in blood glucose response 
Locality: Dunedin, Otago Ethics committee ref: 179STH/41 
Lead investigator: Dr Lisa Te Morenga Contact email: 
Contact phone number:   
grainstudy@otago.ac.nz 
020 412 26007 
 
You are invited to take part in a study on whole grains and blood glucose response.  
Whether or not you take part is your choice. If you don’t want to take part, you don’t have to 
give a reason, and it won’t affect the care you receive. If you do want to take part now, but 
change your mind later, you can pull out of the study at any time.   
 
This Participant Information Sheet will help you decide if you’d like to take part. It sets out 
why we are doing the study, what your participation would involve, what the benefits and 
risks to you might be, and what would happen after the study ends. We will go through this 
information with you and answer any questions you may have. You do not have to decide 
today whether or not you will participate in this study. Before you decide you may want to 
talk about the study with other people, such as family, whānau, friends, or healthcare 
providers. Feel free to do this. 
 
If you agree to take part in this study, you will be asked to sign the Consent Form on the last 
page of this document. You will be given a copy of both the Participant Information Sheet 
and the Consent Form to keep. Please note there is no interpreter available should you 
require one to participate in this study. 
 
This document is six pages long, including the Consent Form. Please make sure you have 
read and understood all the pages. 
 
WHAT IS THE PURPOSE OF THE STUDY? 
The purpose of this study is to determine if processing whole grains changes how they are 
broken down and absorbed into the body. This information can be used by health 
professionals when talking with their patients, and by food manufacturers in New Zealand. 
We seek to measure the blood glucose response to 10 different wholegrain products 
(breads, crackers, and breakfast cereal) and compare the size of the response against 3 
foods without whole grains. The foods will vary in their level of processing: some will be 
made from finely ground flour, while others will contain whole grains. If you decide to 
participate, we will test your blood glucose response to one food each morning, for no more 
than 3 mornings a week. We will randomise the order you receive the foods in, and we will 
not be able to tell you which food is which until the very end. This study is funded by the 
Riddet Institute and the Baking Industry Research Trust. This study has HDEC committee 
approval (17/STH/41). 
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WHAT WILL MY PARTICIPATION IN THE STUDY INVOLVE? 
We are looking for participants with normal blood glucose control and those diagnosed with 
type 2 diabetes. Participants need to have not changed any medication in the past three 
months, or intend to make any changes in the coming months. We will ask our participants 
to attend a screening appointment first to talk about the study, then commit to attending the 
clinic for up to 13 mornings, with no more than 3 mornings in a week. The testing starts quite 
early, we will ask you to arrive between 6:00 and 7:15 am each morning. If you decide not to 
join the study, you are not required to attend any morning. 
 
Each morning will take around 2.5 hours for participants with normal blood glucose control, 
and 3.5 hours for participants diagnosed with type 2 diabetes. This is so we have enough 
time to measure your blood glucose response to each food. After you have completed 8 of 
the morning visits we will check with you to see if you would like to continue for the final 5 
visits. Your participation in this study may take up to 3 months depending on your availability 
in the mornings. 
 
At the start of the study we will ask to measure your height, weight, waist circumference, and 
blood pressure. We will ask if we can take blood from your fingertip to measure your 
cholesterol and blood glucose control. We will also ask you questions such as your ethnicity. 
We don’t think any of these questions will cause embarrassment, instead they are used to 
describe who participates in the study. 
 
On each test morning we will ask you to arrive fasted, having consumed no food from 10pm 
the night before. We will take blood from your fingertip to measure your fasting blood 
glucose level. We will then provide you with a serve of bread, crackers, cereal, or a glucose 
drink and ask you to consume it within 10 minutes. The serving size of the foods is around 
100-140g. Once eaten, we will ask you to sit in a chair for the next 2 hours (normal glucose 
control participants) or 3 hours (participants diagnosed with type 2 diabetes). During this 
time we would like to test your fingertip blood glucose level a further 6-8 times. We will also 
ask you to fill in some questions about how full you feel, and what you thought of the test 
food you ate that morning. On some mornings we may ask you to complete a small online 
test that looks at your memory and your awareness. We will ask some participants to 
breathe naturally near a small sensor 6-8 times to measure their breath. This last test will be 
done by only some participants, decided randomly before the study starts. Other than these 
tests, during the morning we invite you to relax, stream TV, pursue your own interests 
online, or read. 
 
WHAT ARE THE POSSIBLE BENEFITS AND RISKS OF THIS STUDY? 
We don’t think there are any large risks in participating in this study. The foods eaten each 
morning are fairly typical of the normal New Zealand diet (bread, crackers, breakfast cereal), 
so are unlikely to be difficult to eat. Because we are taking up to 10 fingertip blood samples 
each morning, each a single drop of blood, your fingers may be slightly sensitive that day, 
however this quickly fades. We do not think this study introduces any risk to your health, or 
the health of your family member(s). We undertake the testing in a standardised manner and 
at a facility that is accredited to perform such tests, enabling us to provide you with the 
appropriate level of support. 
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A direct benefit of the study for you is a greater understanding of how your body digests 
foods typical to the diet of New Zealand. We will provide you with your personal results once 
you finish your participation in the study, and if you wish to see them, the overall study 
findings. We will never release your individual information to anyone but you.  
 
WHO PAYS FOR THE STUDY? 
This study is funded by the Riddet Institute, and the Baking Industry Research Trust of New 
Zealand. There is no cost to participate in this study. However, because you may use petrol 
or have to pay for parking to attend the clinic each morning, we will offer you a supermarket 
voucher of $50 (for a two hour visit) or $60 (for a three hour visit) for every morning you 
attend the clinic. If you decide to attend all 13 morning visits you will receive $650 or $780 in 
supermarket vouchers. 
 
WHAT IF SOMETHING GOES WRONG? 
If you were injured in this study, which is unlikely, you will be eligible for compensation from 
ACC just as you would be if you were injured in an accident at work or at home. You will 
have to lodge a claim with ACC, which may take some time to assess. If your claim is 
accepted, you will receive funding to assist in your recovery.   
 
If you have private health or life insurance, you may wish to check with your insurer that 
taking part in this study won’t affect your cover. 
 
WHAT ARE MY RIGHTS? 
Participation in this study is voluntary. You are free to withdraw from the study at any time 
without experiencing any disadvantage. You have the right to access information about 
yourself collected as part of this study. Should any new information arise during the study 
about adverse or beneficial effects of participation that may impact your health, we will notify 
you as soon as is practical. Data collected from you during the study will be de-identified to 
protect your privacy. No data relating to any one participant will be released in a way that 
could possibly identify them.  
 
WHAT HAPPENS AFTER THE STUDY OR IF I CHANGE MY MIND? 
Participation in this study involves coming in to the clinic on 13 mornings. Once you have 
attended 8 of the test mornings, we will check with you to see if you would like to continue 
on for the final 5. The food products being tested in this study are being manufactured for 
this study, which unfortunately means they will not be available for purchase should you 
enjoy their taste. After you complete the study we will provide you with a summary of all your 
information. If you wish, we can also provide you with the average results of all participants 
from the study, within 6 months of the final participant finishing. 
 
Data collected during this study will be stored securely for a minimum 10 years for future 
possible use. With your permission we may contact you after the study to see if you are 
interested in further research. You may decide not to be contacted about future research, 
and there is no disadvantage to you if you decide not to participate in future research. We 
will not store any biological specimens, such as your blood, after the study completion. 
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WHO DO I CONTACT FOR MORE INFORMATION OR IF I HAVE CONCERNS? 
If you have any questions, concerns or complaints about the study at any stage, you can 
contact the team at grainstudy@otago.ac.nz or on 020 412 26007. Otherwise:  
 
Lead Investigator  
Dr Lisa Te Morenga 
Senior Research Fellow 




Dr Andrew Reynolds 
Research Fellow 
03 479 5690 
andrew.reynolds@otago.ac.nz
If you want to talk to someone who isn’t involved with the study, you can contact an 
independent health and disability advocate on: 
 
Phone:  0800 555 050 
Fax:   0800 2 SUPPORT (0800 2787 7678) 
Email:   advocacy@hdc.org.nz 
 
For Maori health support please contact: 
 
Arai Te Uru Whare Hauora 
 Phone:  03 471 9960 
 Email:  reception@araiteuru.co.nz 
 
You can also contact the health and disability ethics committee (HDEC) that approved 
this study on: 
 
 Phone:  0800 4 ETHICS 
 Email:  hdecs@moh.govt.nz 
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Consent Form 
Fibre structure of whole grains in blood glucose response study 
 
Please tick to indicate you consent to the following  
 
I have read and I understand the Participant Information Sheet.   Yes ! No ! 
I have been given sufficient time to consider whether or not to 
participate in this study. 
Yes ! No ! 
I have had the opportunity to use a legal representative, whānau/ 
family support or a friend to help me ask questions and understand 
the study. 
Yes ! No ! 
I am satisfied with the answers I have been given regarding the 
study and I have a copy of this consent form and information sheet. 
Yes ! No ! 
I understand that taking part in this study is voluntary (my choice) 
and that I may withdraw from the study at any time without this 
affecting my medical care. 
Yes ! No ! 
I consent to the research staff collecting and processing my 
information, including information about my health. 
Yes ! No ! 
If I decide to withdraw from the study, I agree that the information 
collected about me up to the point when I withdraw may continue to 
be processed. 
Yes ! No ! 
I consent to my GP or current provider being informed about my 
participation in the study and of any significant abnormal results 
obtained during the study. 
Yes ! No ! 
I understand that my participation in this study is confidential and 
that material, which could identify me personally, will not be used in 
any reports on this study. 
Yes ! No ! 
I understand the compensation provisions in case of injury during 
the study. 
Yes ! No ! 
I know who to contact if I have any questions about the study in 
general. 
Yes ! No ! 
I understand my responsibilities as a study participant. Yes ! No ! 
I wish to receive a summary of the results from the study. Yes ! No ! 
If I decide to withdraw from the study, I agree that the information 
collected about me up to the point when I withdraw may continue to 
be used. 
Yes ! No ! 
I know who to contact if I have any questions about the study in 
general. 
Yes ! No ! 
 
   
 




Declaration by participant: 
 







Declaration by member of research team: 
 
I have given a verbal explanation of the research project to the participant, and have 
answered the participant’s questions about it.   
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Appendix B5: Screening questionnaire 
 
ID number________________ 
Screening visit questionnaire 
 
 
The fibre structure size of whole grains and impact on 
postprandial blood glucose response of normal glucose 
tolerant adults and those diagnosed with type 2 diabetes: 
randomised crossover study 
 
Department of Human Nutrition 
 
University of Otago 
 
Researchers: Professor Jim Mann, Dr Lisa Te Morenga, Dr Tracy Perry, Dr Andrew Reynolds, Evelyn 












   
 




This questionnaire contains questions about your ethnicity and other demographics.  This information 
is being collected to help us better describe the general characteristics of the study population. 
 
Please read each question carefully and answer every question honestly.  All information you give is 
strictly confidential. 
No one outside of the study will have access to this information. 
 
Thank you for participating in this research study. 
 
To be completed by participants (part I) and research staff (part II). 
Part I: 


























Contact of next to kin: 
Name: ___________________________________________________ 
Phone:___________________________________________________ 
   
 








                              Female 
 Other  
Which ethnic group or groups do you belong to? (Tick all that apply) 
                      NZ European     
                     Maori                                      
            Samoan     
   Cook Island Maori     
   Tongan       
   Niuean        
   Chinese                                 
                      Indian                          
                      Other such as Dutch, Japanese, Tokelauan.  
Please state ___________________   
 
What is the highest level of education that you have completed?     
  Less than high school 
  Highschool graduate 
  Some university/tertiary study 
 Certificate or Diploma 
  University degree 
  Postgraduate degree  
Please state ____________________    
 
Do you smoke?      
o Yes 
o No 
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ID number________________ 





Have you ever been diagnosed with diabetes? 
o Yes 
o No                                   
If yes, please complete section B. Otherwise, proceed to Section C.  
 
Section B: 
What type of diabetes do you have? 
o Type 1 diabetes 
o Type 2 diabetes 
How many years have you had diabetes? ____________________________________ 
 
Over the last six months, do you think your blood glucose has been well-controlled? 
o Yes 
o No                                        
What is a usual blood glucose value for you when you wake up? ______________ 
 
Have you had any infection or injury over the last 6 months? 
o Yes 
o No 




Have you changed any of your medications during the last 3 months? 
o Yes 
o No 




   
 





Have you had any hospital admission for diabetes related complications during the last year, such 
as eye problems, kidney problems or cardiac problems? 
o Yes 
o No 





During the last six months, have you been admitted to hospital for having very high or very low 
blood glucose level? 
o Yes 
o No 








Did you have difficulty understanding any of these questions? 
  No             
 Yes 
If yes, please let us know so we can assist you.  It is important that we have obtained 





                                                                                                  
 
  
   
 







To be completed by staff only: 
Weight 1: _____________________________ 
Weight 2: _____________________________ 
Height 1: ______________________________ 
Height 2:  _____________________________ 
Fat mass 1:  _____________________________ 
Fat mass 2:  _____________________________ 
Waist circumference 1:  _____________________________ 
Waist circumference 2:  _____________________________ 
BP 1:  _____________________________ 













Staff Name: :_________________________________________________ 
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Participant #:          t=0  
 
 
Please place draw a single vertical line through at the point which best describes 
how you feel right now.  
 
Appetite / Satiety questionnaire: 
 
 
How hungry do you feel?  
 
I m not hungry   I ve never 
at all been more hungry
  




How satisfied do you feel? 
 
I m completely   I m completely  
empty   satisfied
   




How full do you feel?  
 






Would you like to eat something right now?  
 












   
 











Palatability questionnaire:  
 
How visually appealing is the product?  
 







How does the product taste?  
 





How would you rate the texture? 
 






Would you eat this product again?  
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APPENDIX C: SUPPLEMENTARY MATERIAL FOR STUDY DESCRIBED 
IN CHAPTER 7 
 
C1: Ethical approval and amendments  
 
C2: Nutrient analysis of test foods 
 
C3: Recruitment flyer and newspaper advertisement 
 
C4: Participant information sheet and consent form 
 
C5: Participant questionnaires 
 
C6: Data collection sheets 
 
C7: Palatability questionnaire 
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Dunedin School of Medicine
University of Otago Medical School
Dear Professor Mann,
I am again writing to you concerning your proposal entitled “The effect of wheat flour
particle size and fibre from wheat on postprandial glycaemia among obese adults aged
55 - 75 not meeting physical activity guidelines: a randomized, controlled, cross-over
study”, Ethics Committee reference number H19/098.
Thank you to Evelyn Mete, student investigator on the above project, for her email of 12th
August 2019 with revised documentation attached addressing the issues raised by the
Committee.
On the basis of this response, I am pleased to confirm that the proposal now has full ethical
approval to proceed.
The standard conditions of approval for all human research projects reviewed and approved
by the Committee are the following:
Conduct the research project strictly in accordance with the research proposal submitted and
granted ethics approval, including any amendments required to be made to the proposal by
the Human Research Ethics Committee.
Final report: A Final Report is required by the Committee upon completion of the study. The
Final Report template can be found on the Human Ethics Web Page
https://www.otago.ac.nz/council/committees/committees/HumanEthicsCommittees.html
Adverse or unforeseen events: Inform the Human Research Ethics Committee immediately
of anything which may warrant review of ethics approval of the research project, including:
serious or unexpected adverse effects on participants; unforeseen events that might affect
continued ethical acceptability of the project; and a written report about these matters must
be submitted to the Academic Committees Office by no later than the next working day after
recognition of an adverse occurrence/event. Please note that in cases of adverse events an
incident report should also be made to the Health and Safety Office:
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http://www.otago.ac.nz/healthandsafety/index.html
Discontinuation: Advise the Committee in writing as soon as practicable if the research
project is discontinued.
Amendments: Make no change to the project as approved in its entirety by the Committee,
including any wording in any document approved as part of the project, without prior written
approval of the Committee for any change. If you are applying for an amendment to your
approved research, please email your request to the Academic Committees Office:
gary.witte@otago.ac.nz
jo.farrondediaz@otago.ac.nz
Locality authorisation: Studies requiring locality authorisation, i.e. permission from the
organisations at which the study is taking place or from which participants are being
accessed, must be confirmed before the study commences.
Approval period: Approval is for up to three years from the date of this letter. If this project
has not been completed within three years from the date of this letter, re-approval or an
extension of approval must be requested. If the nature, consent, location, procedures or






 c.c. Assoc. Prof. M Schultz  HOD  Department of Medicine
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particle size, it is important to understand how their grain particle size affects glycaemic response before making a general 
recommendation to choose stoneground flour for improved glycaemic response.  
In conclusion, our revised study design will investigate whether particle size of stoneground flours affects the acute glycaemic and 
insulin response among people with risk factors for developing type 2 diabetes.  
We do not think that there are different ethical considerations due to this alteration. Instead of four test breads, there will be three 
breads (and therefore one fewer clinic visit), so the participant burden will be reduced. All other procedures will remain as initially 
planned.  








Please email your completed form, together with your amended Information Sheet(s), Consent Form(s), 
Survey(s)/Questionnaires, or any other relevant documents, as appropriate, to : 
Gary Witte (Manager, Academic Committees) gary.witte@otago.ac.nz, or 
Jane Hinkley (Academic Committees Administrator), jane.hinkley@otago.ac.nz  or  
Jo Farron de Diaz (Research Ethics Administrator), jo.farrondediaz@otago.ac.nz . 
 
Researchers can normally expect a response within a week of submitting their request. 
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We do not think there any additional ethical considerations as a result of this amendment. The proposed change would 
result in drawing 16 mL of blood each test day, so in total this will be 48 mL of blood across the three test days.  
We do already have a minimum washout period of one full day between test days (i.e., no testing on consecutive day), 
we cannot accept participants who have donated blood in the previous 3 months, and we will be supplying water for 






Please email your completed form, together with your amended Information Sheet(s), Consent Form(s), 
Survey(s)/Questionnaires, or any other relevant documents, as appropriate, to : 
Gary Witte (Manager, Academic Committees) gary.witte@otago.ac.nz, or 
Jane Hinkley (Academic Committees Administrator), jane.hinkley@otago.ac.nz  or  
Jo Farron de Diaz (Research Ethics Administrator), jo.farrondediaz@otago.ac.nz . 
 
Researchers can normally expect a response within a week of submitting their request. 
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Seeking Participants for Research Study  
Flour particle size of breads and blood glucose and insulin response  
The purpose of this research study is to determine if the flour particle size in bread changes how the 
food is broken down and absorbed into the body. This can help us to identify whether some types of 
bread are better for our health.  
We are looking for participants who are aged between 55 and 75 years old,  
who have a BMI at or over 30 kg/m2 (we can measure this for you),  
and who do less than 150 minutes of moderate to vigorous exercise each week.  
You won’t be able to participate if you have been diagnosed with diabetes or if you cannot eat 
wheat.  
If you choose to volunteer, you will need to attend a screening visit and then three clinic visits which 
take place early in the morning. At each clinic visit, you will eat a serving of bread, and we will take 
blood samples over the following three hours. You will also be given a short questionnaire to fill out.  
You will be reimbursed with supermarket vouchers.  
The total time commitment will be approximately 11.5 hours.  
Contact email: evelyn.mete@postgrad.otago.ac.nz 
Contact phone: 022 385 7719 
 [This project has been reviewed and approved by the University of Otago Human Ethics 
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Note: the study eligibility criteria was extended to include those with BMI at or over 28 for recruitment 
purposes..  
  
   
 
  Appendix C 235 
C4: Participant information sheet and consent form 
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Participant Information Sheet  




Jim Mann  
University of Otago, Department 
of Medicine 
Contact phone number: 




University of Otago, Department 
of Human Nutrition 
PhD Candidate 
Contact email & phone:  
evelyn.mete@postgrad.otago.ac.nz 
022 385 7719 
 
Introduction 
Thank you for showing an interest in this project.  Please read this information sheet carefully. Take 
time to consider and, if you wish, talk with relatives or friends, before deciding whether or not to 
participate.  
If you decide to participate we thank you.  If you decide not to take part there will be no 
disadvantage to you and we thank you for considering our request.   
What is the aim of this research project? 
The purpose of this study is to determine if the flour particle size in bread changes how it is 
broken down and absorbed into the body. This information can be used by health 
professionals when talking with their patients, and by food manufacturers in New Zealand to 
develop healthier breads. We believe that it will help us to identify the types of breads that are 
digested and absorbed more slowly, which is better for our health. We would like to measure 
the blood glucose and insulin response to 3 different wholegrain breads and compare the size 
of the response against each other. One bread will be made from commercially milled flour, 
and the other two will be made from stoneground flours. If you decide to participate, we will 
test your blood glucose and insulin response to one food each morning on 3 different 
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Data collected during this study will be stored securely for a minimum of 10 years for future possible 
use. Data collected from you during the study will be de-identified to protect your privacy. No data 
relating to any one participant will be released in a way that could possibly identify them. 
 
What about anonymity and confidentiality? 
We will never release any personal information about you. Any data we collect about you will only 
be matched to your ID number – not your name. We will keep a separate, securely stored document 
that matches your ID number to your name, and only the study investigator and the principal 
investigator will be able to access this.    
 
If you agree to participate, can you withdraw later? 
If at any time you do not want to take part, you can withdraw from the study for any reason. You do 
not need to give a reason, and it will not affect the care you receive. If you do want to take part now, 
but change your mind later, you can pull out of the study at any time.  
If you pull out of the study part way through, we will still reimburse you for the test mornings that 
you did attend.  
Any questions? 
If you have any questions now or in the future, please feel free to contact: 
Evelyn Mete  
PhD Candidate 





This study has been approved by the University of Otago Human Ethics Committee (Health) 
(reference H19/098). If you have any concerns about the ethical conduct of the research you may 
contact the Committee through the Human Ethics Committee Administrator (phone +64 3 479 8256 
or email gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and investigated 
and you will be informed of the outcome. 
 
   
 
  Appendix C 239 
  Page 1 of 2 
 
 
Flour particle size of breads and blood glucose and insulin response  
Principal Investigator: Jim Mann (jim.mann@otago.ac.nz) 
 Contact person: Evelyn Mete (evelyn.mete@postgrad.otago.ac.nz) 
CONSENT FORM FOR PARTICIPANTS 
Following signature and return to the research team, this form will be stored in a secure place for ten years. 
Name of participant:__________________________________ 
1. I have read the Information Sheet concerning this study and understand the aims of this 
research project. 
2. I have had sufficient time to talk with other people of my choice about participating in the 
study.   
3. I confirm that I meet the criteria for participation which are explained in the Information 
Sheet. 
4. All my questions about the project have been answered to my satisfaction, and I 
understand that I am free to request further information at any stage.  
5. I know that my participation in the project is entirely voluntary, and that I am free to 
withdraw from the project before its completion.  
6. I know that as a participant I will complete a questionnaire about my medical history and 
demographics; I will provide measurements for height, weight, waist circumference, body 
composition, HbA1c, and blood pressure; and on testing days I will eat the test foods and 
provide capillary and venous blood samples.  
 
7. I know that the test mornings involve blood collection via a cannula and via fingertip blood 
samples, and if I feel uncomfortable with this I may withdraw from the project without 
disadvantage of any kind. 
8. I understand the nature and size of the risks of discomfort or harm which are explained in 
the Information Sheet. 
9. I know that when the project is completed all personal identifying information will be 
removed from the paper records and electronic files which represent the data from the 
project, and that these will be placed in secure storage and kept for at least ten years.  
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Preferred method of contact: 
__________________________________________________________________________________ 
 
Contact for next of kin:  
 Name: _____________________________________________________________________ 









Researcher to fill out  
Assigned ID number:  
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Blood glucose (BG) response data sheet 
 




Baseline Blood Glucose 1:________________ 
Baseline Blood Glucose 2:________________ 
 
Total time taken to eat: _________________ 
 
Please record your blood glucose measure at each of these time points.  
Time 15 min: _______________ 
Time 30 min: _______________ 
Time 45 min: _______________ 
Time 60 min: _______________ 
Time 90 min: _______________ 
Time 120 min: ______________ 
Time 150 min: ______________ 
Time 180 min: ______________ 
 
   
 
  Appendix C 254 
 
   
 





Flour particle size of breads and blood glucose and insulin response 
Participant #: Bread code:
Please draw a single vertical mark on the scales according to how you perceive 
the product
How visually appealing is the product? 
How would you rate the texture?
How does the product taste?
Would you want to eat this product again? 
Any comments: 
Not appealing
Yes
Unacceptable
GoodBad
Very appealing
Never
Good
